1C- 


M. 


:■  v-v.-j).  • 


. 


‘  ^;7RUE  ANCfLLE  •:92200tJEIILtY  SUR  SEINE  :  FRANCE/.'.;, 

{■'««, iuji 


v'-B 


■  I 


I 


AGARD  REPORT  No.767 

■Crack  Growth  Behaviour  in 


(Le  Developpement  des  Petites  Fissures  dans 
Divers  Materiaux  Aeronautiques) 

U  I  IV 
#^ELECTF  | 

%T0CT  15  19901 


_ m  i 


7;.'5UTION  STA1 


DISTRIBUTION  AND  AVAILABILITY 
ON  BACK  COVER 

wr  a’i 


•  OTed  jcr  public  rtleaa*]  t 
retribution  UulSmitad 


AGARD-R-767 


NORTH  ATLANTIC  TREA'IY  ORGANIZATION 
ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  AND  DEVELOPMENT 
(ORGANISATION  DU  TRAITE  DE  LATLANTIQUE  NORD) 


AGARD  Report  No. 767 

Short-Crack  Growth  Behaviour  in  Various 
Aircraft  Materials 


(Lc  Dcveioppement  des  Pctites  Fissures  dans  Divers 
Materiaux  Aeronautiqucs) 

compiled  by 

P.R.Edwards 
P  P  Data.  Ltd 
Fleet,  Hampshire 
United  Kingdom 

and 

J.C.Newman,  Jr 
Materials  Division 
NASA  Langley  Research  Center 
Hampton,  Virginia 
United  States 


This  publication  was  sponsored  by  the  Structures  and  Materials  Panel  of  AGARD. 


The  Mission  ofAGARD 


According  to  its  Charter,  the  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  ill  the  fields 
of  science  and  technology  relating  to  aerospace  for  the  following  purposes: 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community: 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research  and 
development  (with  particular  regard  to  its  military  application): 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  lelevant  to  strengthening  the  common  defence  posture, 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

—  Exchange  of  scientific  and  technical  information: 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in  connection 
with  research  and  development  problems  in  the  aerospace  field 

'The  highest  authority  within  AGARD  is  the  National  Delegates  Hoard  consisting  of  officially  appointed  senior  representatives 
from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of  experts  appointed 
by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications  Studies  Programme.  'Hie 
results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO  Authorities  through  the  AGARD  series  of 
publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NA'IO  nations 


;  Accession  For 


HTIS 

DTIC 

Unarm 

Justl 

GRAfcl  5 Y 

rAB  □ 

tmneed  □ 

r  loot.  Inn 

Ry  .  . .  -  - 

Diatrf' At Ion/ 

Availability  Codes 

Dlat 

Avail  and/or 
Special 

i 

i 

The  content  of  this  publication  has  been  reproduced 
directly  from  material  supplied  by  AGARD  or  the  authors. 


Published  August  1990 

Copyright  ©  AGARD  1990 
All  Rights  Reserved 

ISBN  92-835-0577-8 


Primed  by  Specialised  Printing  Services  Limited 
■10  Chigwcil  Lane,  Laughton,  Essex  1010  3TZ 


Preface 


In  1982  .he  Structures  and  Materials  Panel  organized  a  Specialists'  Meeting  on  (lie  "Behaviour  of  Short  Cracks  in  Aircraft 
Structures”.  The  Meeting  revealed  the  complexity  of  the  short-crack  growth  behaviour  and  that  a  short-crack  effect  does  exist, 
at  least  under  certain  test  conditions.  It  also  indicated  that  differences  in  test  technique  existed  that  made  it  very  difficult  to 
compare  the  data  obtained  by  individual  researchers  and  to  assess  the  significance  of  the  short-crack  effect. 

In  1984  the  Panel  organized  a  Cooperative  Test  Programme  with  as  objectives:  the  development  of  a  standard  test  method  for 
the  measurement  of  short-crack  growth,  the  establishment  of  relevant  short-crack  growth  data,  to  improve  existing  analytical 
crack  growth  models  and  to  define  the  significance  of  the  short-crack  effects. 

The  programme  was  devised  in  two  parts;  a  "core”  and  a  “supplemental”  portion.  The  “core"  programme  set  out  to  establish  a 
common  test  procedure  and  methods  for  data  analysis.  Test  data  were  gathered  on  the  same  aircraft  alloy  —  AA  2024-T3.  The 
“supplemental”  programme  focused  on  the  shoit-crack  phenomenon  in  other  aircraft  alloys  and  on  crack  modelling. 

The  results  of  the  "core”  programme  are  described  in  AGARD  report  R  732  while  this  report  describes  the  results  obtained  as 
part  of  the  “supplemental”  programme. 


The  cooperative  programme  was  guided  by  a  Panel  sub-committee  with  the  valuable  assistance  of  two  coordinators  Over  the 
years  the  following  Panel  members  participated  in  the  sub-committcc. 
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A.W.Bowen,  RAE,  (UK) 

M.H. Carvalho.  LNHTI.(PO) 
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M.de  Freitas,  CEMUL,  (PO) 
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R.A.Evcrctt,  NASA,  (US) 
R.Galatolo,  Univ.  of  Pisa,  (IT) 
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A.Lanciotti,  Univ.  of  Pisa,  (IT) 
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The  coordinators  for  the  programme  were- 

for  Europe  —  P.R.Edwards 

for  North  America  —  J.C.Ncwman,  Jr 


Many  thanks  are  extended  to  all  who  participated  in  the  programme,  especially  to  the  two  coordinators  for  their  considerable 
efforts  in  bringing  to  a  successful  completion  this  very  valuable  piece  of  research. 
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Abstract 


AGARD  Report  R-732  reviews  the  results  of  the  first  phase  of  an  AGARD  Cooperative  Test  Programme  on  the  behaviour  and 
growth  of  "short"  fatigue  cracks.  That  report  describes,  the  establishment  of  a  common  test  method,  means  of  data  collection/ 
analysis  and  crack  growth  modelling  in  an  aircraft  alloy  AA  2024-T3.  The  second  and  concluding  phase  of  this  Programme 
allowed  participants  to  test  various  materials  and  loading  conditions.  The  results  of  this  second  phase  are  described  in  this 
report. 

All  materials  exhibited  a  “short-crack”  effect  to  some  extent.  The  effect  was  much  less  evident  in  4340  steel  than  in  the  other 
materials.  For  the  aluminium,  aluminium-lithium  and  titanium  alloys,  short  cracks  grew  at  stress-intensity  factor  ranges  lower, 
in  some  cases  much  lower,  than  the  thresholds  obtained  from  long  crack  tests.  Several  laboratories  used  the  same  crack  growth 
model  to  analyze  the  growth  of  short  cracks.  Reasonable  agreement  was  found  between  measured  and  predicted  short-crack 
growth  rates  and  fatigue  lives. 

11ns  publication  was  sponsored  by  the  Structures  and  Materials  Panel  of  AGARD. 


Abrege 


Le  rapport  AGARD  R  732  rend  compte  des  resultats  dc  la  premiere  phase  du  programme  collaboratif  d'essais  AGARD  sui  le 
developpement  des  pelitcs  fissures.  Ce  rapport  deem,  Pelaboration  d’une  methode  d'essai  commune,  les  moyens  utilises  pour 
la  collectc  et  ('analyse  des  dontiees,  et  la  modehsation  du  developpement  des  fissures  dans  un  alliagc  aeronaulique  AA  20241 3. 
La  deuxieme  et  derniete  phase  dc  ce  programme  a  permis  aux  participants  de  tester  divers  inateriaux  dans  diffcrentcs 
conditions  de  solicitation.  Les  resultats  obtenues  lors  dc  cctte  deuxieme  phase  sont  presentes  dans  ce  rapport. 

Tous  les  inateriaux  testes  ont  presente  le  defaut  "petite  fissures” daiu  une  certaine  mesure.  Le  phenomene  etait  bcaucoup  moms 
marque  dans  le  cas  de  l’acier  4340  que  pour  les  autres  inateriaux.  En  ce  qui  conceriic  les  alhages  d’ahnnimim.  d'alimimum- 
lithium  et  de  (italic,  les  petites  fissures  se  som  propagees  scion  des  facteurs  d'inteiisite  de  contramte  moins  eleves,  et  dans 
certains  cas,  beaucoup  moms  eleves  que  les  seuils  obtenus  lors  des  essais  sur  le  developpement  dcs  grandcs  fissures. 

Plusicurs  laboratoires  ont  utilise  le  mcme  modele  du  developpement  des  fissures  pour  analyser  le  developpement  des  petites 
fissures  Les  previsions  concordent  avec  les  icsultats  dans  une  large  mesure  en  ce  qui  conccrne  les  sitcsses  de  propagation  des 
fissures  et  I'cndurance  en  fatigue. 

Cette  publication  a  etc  cautionnec  par  le  Panel  AGARD  des  Structures  et  Matcriaux 
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SUMMARY 

Ail  AGARD  Supplemental  Test  Programme  on  the  growth  of  “short"  fatigue  cracks  was  conducted  to  allow  participants 
to  test  various  materials  and  loading  conditions  that  were  of  interest  to  their  laboratories.  Twenty-two  participants  from 
ten  laboratories  in  eight  countries  contributed  to  the  supplemental  test  programme.  Each  laboratory  submitted  a  paper  on 
their  test  and  analysis  results,  and  these  papers  are  included  in  this  AGARD  publication  The  objective  of  this  paper  is  to 
review  the  supplemental  test  programme  and  to  summarize  the  results  obtained  from  all  laboratories.  The  materials  tested 
in  the  supplemental  programme  were.  202I-T3  and  7075-T6  ahiimiuun  alloys.  2090-18 E 1  i  aluminum-lithium  alloy.  Ti-GAl- 
•IV  titanium  alloy  and  1310  steel.  Tests  on  snigle-edge-iiotch-tension  specimens  were  conducted  under  several  constant- 
amplitude  loading  conditions  (stress  ratios  of  -2.  -1.  0.  and  0  5)  and  spectrum  ioadmg  conditions  (FALSTAFF.  Inverted 
FALSTAFF.  GAUSSIAN.  TWIST.  Felix  and  the  Tokker  100  spectra)  I  he  plastic-replica  method  was  used  to  measure  the 
grow  th  of  short  cracks  at  the  notch  root 

file  results  from  the  supplemental  test  programme  show  good  agreement  among  the  several  laboratories  who  measured 
short-crack  growth  rates  on  the  alunimum-htlmun  alloy  In  this  alloy,  short  surface  cracks  at  a  notch  grew  under  mixed-mode 
conditions  (usually  30  to  33  degrees  from  the  loading  axis).  All  materials  exhibited  a  ''short-crack"  effect  to  some  extent. 
The  effect  was  much  less  evident  in  the  <1310  steel  than  in  the  other  materials.  For  the  aluminum,  aluminum-lithium,  and 
titanium  alloys,  short  cracks  grew  at  stress-intensity  factor  ranges  lower,  and  m  some  cases  much  lower,  than  the  thresholds 
obtained  from  long-crack  tests  under  the  same  loading  conditions.  The  short -ctack  effects  were  more  pronounced  as  the  stress 
ratio  became  more  negative  .Ins  applied  for  both  constant  -amplitude  and  spectrum  loading  For  the  202-I-T3  aluminum 
alloy  and  the  2090  aluminum-lithium  alloy,  the  short  surface  cracks  grew  espial  to  or  faster  Ilian  long  cracks  when  subjected 
to  the  same  stress  ratio  (except  H  =  0  5)  and  to  the  same  stress-intensity  factor  range  above  the  long-crack  threshold.  The 
short-crack  growth  rates  for  the  7073-TG  aluminum  alloy  and  the  Ti-GAl-  IV  titanium  allov  were  equal  to  or  slower  than  those 
for  long  cracks  under  the  same  stress  ratio  and  the  same  stress-intensity  factor  range  above  the  long-crack  threshold  The 
slmrt-crack  growth  rates  for  '.he  -13 10  steel  usually  agreed  with  the  long-crack  growth  rates  over  a  wide  range  in  rates,  except 
for  results  at  low  growth  rates  and  at  li  =  -1  All  materials,  except  1310  steel,  tested  at  the  high  stress  ratio  (/(  =  0  5) 
generally  showed  that  short  cracks  grew  slower  than  long  cracks  above  the  long-cr.uk  threshold 

Three  laboratories  used  the  crack-growth  model  (FASTRAN)  winch  incorporates  crack-closure  effects  to  analyze  the 
growth  of  short  cracks  from  small  (inclusion)  defects  along  the  notch  surface  m  the  202I-T3  aluminum  alloy  and  1310  steel 
The  assumed  defect  size  were  consistent  with  experimental  oliservafons  of  initiation  sites  at  inclusion-particle  clusters  or 
voids  left  behind  by  tin  inclusions  during  the  machining  or  polishing  process  Analyses  were  conducted  under  constant- 
amplitude  loading  and  spent  run'  loading  (FaLSTAFF  Invent  d  FALSTAFF.  GAUSSIAN,  TWIST  and  Felix)  Reasonable 
agreement  was  found  between  measured  and  predn  ted  short-c  rack  growth  rates  and  fatigue  lives  for  most  loading  conditions 

1.  INTRODUCTION 

Linear-elastic  fracture  mechanics  methods  are  widely  actepted  for  damage-tolerance  analyses  Recently,  there  has  also 
been  a  trend  towards  the  use  ol  the  same  methodology  for  fatigue  (.inability  analyses  To  obtain  acceptably  long  liv-s 
without  a  significant  weight  penalty  !l„  analyses  must  assume  a  very  sn  all  initial  crack  Numerous  investigators  [1  18]  have 
observed  tiiat  the  growth  characteristics  of  short  fatigue  cracks  in  plate  >  and  at  notches  dilfer  from  those  of  long  cracks  in 
the  same  material.  These  studies  have  concentrated  on  the  growth  of  short  cracks  ranging  in  length  from  10  pin  to  1  mm 
On  the  basis  of  linear-elastic  fracture  mechanics  (LEFM),  the  short  cracks  grew  much  faster  than  would  he  predicted  from 
long  crack  data.  This  behaviour  is  illustrated  in  Figure  1.  where  the  crack-growth  rate  is  (dotted  against  the  linear-elastic 
stress-intensity  factor  range,  A  A'.  The  solid  (sigmoidal)  curve  shows  typical  results  for  a  given  material  and  environment 
under  constant-amplitude  ioadmg  The  solid  curve  is  usually  obtained  from  tests  with  long  cracks  At  low  growth  rates, 
the  threshold  stress-intensity  factor  range.  A  A//,,  is  usually  obtained  from  load-reduction  (K-decreasing)  tests  Some  typical 
experimental  results  for  sho-t  cracks  in  plates  and  at  notches  ate  shown  bv  the  dashed  curves  These  results  show  that  short 
cracks  grow  at  AA'  levels  below  threshold  and  that  tlic-v  abo  can  grew  faster  than  long  cracks  at  the  same  AA'  level  above 
threshold 

A  Specialists’  Meeting  organized  by  the  AGARD  Structures  and  Materials  Panel  (SNIP)  on  "The  Behaviour  of  Short 
Cracks  m  Aircraft  Structures"  {15}  revealed  the  complexity  of  short-crack  growtii  behaviour  Many  views  were  expressed 
on  tin-  data  obtained  from  experimental  and  analytual  investigations,  but  there  was  no  consensus  of  opinion.  Some  tests 
appeared  to  confirm  the  existence  of  the  short  crack  effect,  whereas  other  experimenters  did  nr!  confirm  these  findings 
During  the  round  table  discussion  [15],  however,  it  became  elear  that  tests  which  did  not  confirm  the  existence  of  the 
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short-crack  effect  had  not  included  compressive  loading  tydes.  The  applicability  of  fXFM  concepts  to  short-crack  growth 
behaviour  was  also  questioned.  Some  of  the  "classical"  short-crack  experiments  il  3]  were  conducted  at  high  stress  levels 
which  would  invalidate  I.EFM  procedures.  Nonlinear  or  ehistic-plastu  fracture  inechauus  concepts  weie  also  used  to  explain 
the  oliscrved  short-crack  effects.  In  addition,  the  metallurgical  similitude  ,10]  breaks  down  for  short  tracks  (whiih  means 
that  the  growth  rate  is  no  longer  an  average  taken  over  many  grains).  Titus,  the  local  growth  behaviour  is  controlled  by 
metallurgical  features  [6.12].  If  the  materia!  is  markedly  anisotropic  (differences  ill  modulus  and  yield  stress  ill  different 
crystallographic  directions),  the  local  grain  orientation  will  determine  the  rate  of  growth.  Crack  front  irregularities  and  small 
particles  or  inclusions  affect  the  local  stresses  and.  therefore,  the  track  growth  response.  III  the  case  of  lung  cratks  (ninth 
have  long  fronts),  all  of  these  metallurgical  effects  arc  averaged  over  many  grains,  except  in  very  coarse-grained  materials. 
LEFM  and  nonlinear  fiacturc  mechanics  concepts  are  only  beginning  to  explore  the  influence  of  metallurgical  features  on 
stress-intensity  factors,  strain-energy  densities,  ./-integrals  and  other  crack-driving  parameters 

As  the  crack  sue  approaches  zero,  a  crack  size  must  exist  below  vvliith  the  assumptions  of  the  A/i  concept  are  violated. 
However,  the  transition  from  valid  to  invalid  conditions  docs  not  occur  abruptly  For  many  engineering  applications,  a  A/v- 
based  analysis  that  extends  into  the  “gray  area"  of  validity  may  still  prove  to  he  very  useful  Certainly  from  a  structural 
designer's  viewpoint.  ?  single  analysis  methodology  that  is  applicable  so  all  tratk  sues  is  very  desirable.  If  for  no  other 
reason  than  that  A/v  analyses  are  already  being  used  for  long-crack  problems,  the  application  of  a  A/v  analysis  to  short- 
crack  problems  should  he  thoroughly  explored. 

The  outcome  of  the  AGARD  SNIP  meeting  [15]  was  to  encourage  further  activity  on  the  gror  :h  behaviour  of  short  c  racks. 
As  a  result,  an  AGARD  Cooperative  Test  Programme  was  initiated  in  1  OS  1  c >  investigate  the  short-crack  growth  behaviour 
under  various  loading  conditions  for  a  common  airframe  aluminum  alloy  (2024-T3)  and  to  improve  methodologies  to  predict 
the  growth  of  short  cracks  The  results  from  the  Cooperative  Test  Programme  are  reported  in  reference  19. 

Tlie  objectives  of  tile  AGARD  Cooperative  Test  Programme  on  the  Behaviour  of  Short  Cracks  were  to.  (1)  define  the 
“short-crack"  specimen,  core-programme  material,  and  loading  conditions.  (2)  develop  standard  test  methods  to  measure 
growth  of  short  cratks.  (.))  calibrate  test  techniques  used  In  the  participating  laboratories,  yl)  establish  relevant  short-crack 
data  under  specified  test  conditions.  i3)  defiin  the  regime  where  long-ciack  data  are  applicable  to  short  cracks.  101  improve 
existing  analytical  crack-growth  models,  and  1 7)  define  the  significance  of  the  short-crack  effect 

The  ‘short-crack"  spec  mien  used  in  the  cooperative  test  progiaimne  was  selected  to  produce  naturally-occurring  cracks 
at  material  defects  and  to  propagate  ciacks  through  a  stress  field  similar  to  that  •  ncouiiteie.i  m  uirci  vft  structures.  Herein, 
material  "defects"  refer  to  .nclusion  ot  constituent  particles,  voids  or  pus  left  by  mcl — ;o.it  partitlcs  during  mm  inning  and 
polishing,  and  other  discontinuities.  Single  edge-notch  tensile  specimens  made  of  2Pzl-  I'd  aluminum  al  ov  sheet  material,  as 
shown  in  Figure  2.  were  used  The  cracks  generally  initiated  from  inclusion-particle  dusters  or  voids  on  the  notch  surface 
and  grew  as  surface  cracks  A  wide  i.’iige  in  loading  conditions  was  applied  m  the  test  programme.  Tests  were  conducted 
under  several  constant-amplitude  and  spectrum  (FAI.STAFF  [20.21]  and  GAl’SSIAN  *22])  loading  conditions  Thirteen 
laboratories  participated  in  the  Cooperative  Test  Programme,  see  Tables  1  and  2 

Several  methods  of  measuring  tnc  growth  <-5  -short'  cracks  t lengths  from  about  10  pin)  were  considered.  These  methods 
were  the  electrical-potential  method  [23],  ultrasonic  surface  wave  ]2  ll.  marker  bands  [25..  and  plastic  replicas  123,26].  For  the 
ahliniimili  alloy,  the  plastic-replica  method  was  found  to  be  accurate  for  use  down  to  the  shon-cr.uk  hiigths  required  in  the 
programme  This  method  is  very  simple  to  apply  but  the  data  collection  is  eery  Labor  intensive.  Nevertheless  the  growth  of 
short  cracks  was  recorded  by  all  participants  using  the  plastic-replica  method 

To  verify  the  existence  and  significance  of  the  short-crack  effects  for  other  materials  and  under  different  loading  conditions, 
an  AGARD  Supplemental  Test  Progra  nine  was  initiated  m  1986. 

2.  SUPPLEMENTAL  TEST  PROGRAMME 

The  AGARD  Supplemental  Test  Programme  on  the  growth  i  f  'short'  fatigue  ciacks  was  conducted  to  allow  patticipants 
to  test  various  materials  and  loading  conditions  that  were  of  interest  to  th-ir  laboratory  Twenty-two  participants  from  ten 
laboratories  m  eight  countries  contributed  to  the  supplemental  test  programme  tvr  Table  ,'()  Each  laboratorv  submitted  a 
paper  on  their  test  and  analysis  results,  and  these  papers  arc  included  m  ibis  AGARD  publication  The  objective  ot  this 
paper  is  to  summarize  the  supplemental  test  programme  and  to  review  the  results  obtained  from  all  participants. 

The  supplemental  test  programme  consisted  of  tic,; big  smgle-edge-noti  h  and  ct-  ner-crack  tension  specimens  uncle  of 
various  sheet  materials  under  cons  tail*  and  1  anablc-amplilcde  loading.  The  bjsic  test  i  rocedures  and  short-c  rack  spec  linen 
design  that  were  used  in  the  AGARD  Cooperative  Test  Pn  gramme  [19j  (referred  to  as  th“  Core  Programme!  were  -dsn 
used  in  the  supplemental  test  programme.  In  the  core  test  programme,  all  parttc.pants  tested  202I-T3  aluminum  alloy 
specimens  The  materials  tested  in  the  supplemental  programme  were.  202I-T3  and  7075-T6  aluminum  alloys.  2090-TSEil 
aluminum-lithium  alloy.  Ti-dAl  IV  titanium  alloy  and  !34C  teed.  Six  laboratories  ,o»ted  the  uluuuniiin-lilhmm  alloy.  Table  1 
summarizes  the  laboratory  test  matrix  in  the  supplemental  test  programme.  Tallies  5  and  6  summar-ze  the  nominal  cnemu  a! 
compositions  and  mechanical  properti  for  all  materials  tested.  All  tests  were  conducted  at  room  temperature  and  under 
Iffhftwlnrv  mrwlit  5nne  Tim  inittnliAn  of  *TnrJl*  ■  ^  j.'UI  tr  ‘Jlc  *>,!  nf  u  £Tm- 

circular  notch  in  the  sheet  materials  were  monitored  under  various  loading  histories  Grow  th  of  the  short  c  racks  was  recorded 
using  a  plastic-replica  tivliniqiic  ft1']  Tests  were  conducted  under  several  constant-amplitude  loading  conditions  (stress  ratios 
of  -2.  -1,  0.  and  03}  and  spot  utr  loading  conditions  (FALSTAFF  [20.21],  Inverted  FALSTAFF  [28].  GAUSSIAN  ]22j. 
TWIST  [29].  Felix  [30]  and  the  ‘  .ker  100  [31]  spectra).  Long-crack  growth  rate  data  for  cratks  greater  titan  2  nun  in  length 
were  obtained  for  each  of  the  constant-amplitude  and  spectrum  loading  conditions  tested  by  each  participant.  The  long-crack 
results  were  used  to  define  the  regime  where  long-crack  data  are  applicable  to  short  cracks  in  the  materials  tested  in  the 
supplemental  programme. 
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Three  laboratories  used  ihe  semi-empirical  crack-growth  model  (FASTRAN  [32,33]),  which  incorporates  crack-closure 
effects,  to  analyze  the  grow  th  of  short  cracks  from  small  (inclusion)  defects  along  the  notch  surface  in  the  202-1-T3  aluminum 
alloy  and  -1310  steel.  The  model  was  used  to  correlate  long  crack-growth  rate  data  over  a  wide  range  in  rates  for  various 
constant-amplitude  loading  conditions.  Using  the  long-crack  data,  the  model  was  then  used  to  predict  crack  growt.  and 
closure  behaviour  of  short  cracks  emanating  from  semi-circular  edge  notches,  to  predict  fatigue  lives  from  an  initial  defect 
size,  and  to  predict  crack  shapes.  Anal .ses  were  conducted  under  both  constant-amplitude  loading  and  spectrum  loading 
(fALSTAFF.  Inverted  FALSTAFF.  GAUSSIAN.  TWIST  and  Felix). 

The  follow  mg  sections  describe  the  short-crack  specimens,  materials,  loading  conditions,  test  procedures,  and  data  analysis 
procedures  used  to  obtain  short-crack  growth  rate  data.  The  procedures  used  to  obtain  long-crack  growth  rate  data  from 
center-crack  tension  specimens  are  discusser!  in  reference  19. 

2.1  Short-Crack  Specimen 

The  short-crack  specimen  used  m  the  core  programme,  a  singlc-edgc-notch  tensile.  (SENT)  specimen  (shown  in  Figure  2), 
was  used  by  all  participating  laboratories  in  the  supplemental  programme,  except  the  laboratory  that  tested  the  -1340  steel 
Because  of  test  machine  capabilities,  a  smaller  width  SENT  specimen,  shown  in  Figure  3,  was  used  for  the  steel.  The 
SENT  specimen  was  selected  because  naturally-occurring  cracks  would  be  produced  at  material  “defects”  and  they  would 
propagate  through  a  stress  field  similar  to  that  encountered  in  aircraft  structures.  The  notch  was  semi-circular  with  a  radius 
of  3. IS  ram.  The  stress  concentration  was  3.17  for  the  50-mm  wide  specimen  and  3.30  for  the  25-nini  wide  specimen,  based 
on  gross-section  stress  [31].  Figure  -I  shows  the  normal  stress  distribution  near  the  notch  root  for  the  50- mm  wide  SENT 
specimen  (solid  curve).  For  comparison,  the  normal  stress  distribution  for  a  circular  hole  in  an  infinite  plate  is  shown  as  the 
dash'd  curve.  The  normal  stress  distribution  for  the  SENT  specimen  is  similar  to  that  for  an  open  hole  in  an  infinite  plate, 
but  the  stresses  arc  slightly  higher  because  of  the  finite  width  Therefore,  the  SENT  specimen  simulates  a  hole  in  an  aircraft 
structure,  but  the  side  notch  allows  the  notch  root  to  be  observe!  with  a  microscope  and  allows  plastic  replicas  to  be  taken 
with  ease  during  testing. 

The  specimen  blanks  for  the  SEN  f  specimens  were  machined  from  sheets  of  the  various  materials  The  long  dimension  of 
all  specimens  was  parallel  to  the  roiling  direction  of  the  sheet.  The  semi-circular  edge  notch  was  careful!}  milled  and  polished 
to  minimize  residual  stresses  at  the  notch  root. 

Specimens  were  tested  in  either  wedge  grips,  hydraulic  grips,  or  Hal  plate  friction  grips  The  grip  lines  are  shown  in 
Figures  2  and  3.  In  some  laboratories,  bolt  holes  were  also  used  in  the  gripping  area  to  apply  pressure  in  gripping  the 
sp'-cimen.  The  specimens  were  not  gripped  directly.  Either  aluminum  or  plastic  spacers  were  used  between  the  specimen 
and  the  grip  jaws.  These  spacers  were  used  so  that  the  specimen  would  not  crack  in  the  gripping  area 

2.2  Materials 

The  supplemental  short-crack  test  programme  invoiced  five  materials,  two  conventiona*  aluminum  allots  (202-1-T3  and 
7075-TG).  a  new  aluminum-lithium  alloy  (2090-T8E-11),  a  titanium  alloy  (Ti-CAl— IV).  and  a  high-strength  steel  (1310).  The 
two  aluminum  alloys  and  the  steel  specimens  were  provided  by  the  NASA  Langley  Research  Center  The  aluminum-lithium 
alloy  was  provided  by  Alcoa  and  the  specimens  were  machined  by  the  Air  Tore e  Wright  Aeronautical  Laboratory  (AFWAL) 
The  titanium  alloy  was  provided  by  Acriiaha  GVC  and  the  specimens  were  machined  by  the  University  of  Pisa,  fables  5 
and  6  give  the  nominal  chemical  compo  jtions  and  average  tensile  properties  for  the  supplemental  progiainmc  materials. 

The  notch-root  region  of  the  SENT  specimens  were  either  chemically  polished  (2021-T3,  7075-TG  and  2090-T8E-I1), 
electro-polished  (4340)  or  mechanically  polished  (Ti-GAl-IV)  to  smooth  machining  marks  on  the  notch  surface  and  to  debar 
the  edges  of  the  notch.  This  also  provided  further  assurance  that  there  were  no  significant  residual  stresses  present  at  the 
notch  root.  The  edges  of  the  notches  were  mildly  rounded  during  the  polishing  process,  thus  preventing  premature  initiation 
of  cracks  at  the  edges. 

2.2.1  Aluminum  Alloy  2024-T3 

The  core-p.ogramme  material  was  202-1-T3  aluminum  alloy  sheet  (2.3  mm  thick).  This  material  was  taken  from  a 
special  stock  of  aluminum-alloy  sheets  retained  at  NASA  Langley  Research  Center  for  fatigue  testing  Fatigiie-crack-grovvth 
properties  of  this  material  ate  discussed  in  references  35  and  3G. 

Typical  grain  dimensions  in  the  crack-growth  direction.  2a  (along  the  notch  root)  and  in  the  crack-growth  direct,  m,  c 
(away  from  the  notch  root)  were.  25  /tin  and  55  /im,  respectively.  The  gram  dimension  in  the  rolling  direction  was  typically 
95  pm.  Clusters  of  inclusion  particles  were  quite  evident  throughout  the  material.  References  19  and  3fi  give  a  more  complete 
description  of  a  inicrostruclural  examination  of  the  core-programme  material. 

Specimens  from  the  same  lot  usd  for  the  core-programme  were  provided  to  various  participants.  Novvack,  Trautinann. 
and  Strunck  [37]  conducted  additional  tests  at  a  htgh-R  ratio  condition,  while  Cook  [28j,  Blom  (38],  and  Wanhtll  and  Sclira 
[31]  conducted  tests  under  various  aircraft  load  spectra. 

2.2.2  Aluminum  Alloy  7075-T6 

The  7075-TG  aluminum  alloy  sheet  (2.3  mm  thick)  was  also  taken  from  a  special  stock  of  material  retained  at  NASA 
Langley  Research  Center  for  fatigue  testing.  The  fatigiic-crack-growth  properties  of  this  material  are  also  discussed  in 
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reference  35.  Typical  grain  dimens.  ons  in  the  crack-growth  directions,  2a  and  c,  were  7  /im  and  25  /mi,  respectively.  The 
dimension  of  the  grains  in  the  rolling  direction  was  typically  30  /im. 

Specimens  from  the  same  lot  of  material  were  used  by  Ankara  and  Kaynak  [39]  and  Swain  [-10]  for  short-crack  tests,  and 
Phillips  [41]  for  long-crack  tests,  under  a  wide  range  in  constant-amplitude  loading  conditions. 

2.2.3  Aluminum-Lithium  Alloy  2090-T8E41 

The  aluminum-lithium  2090-T8E41  material  was  furnished  by  Alcoa  as  a  single  sheet,  2.15  mm  thick,  with  composition  as 
specified  in  Table  5.  The  material  exhibited  a  pancake  microstructmc,  typical  of  a  rolled  aluminum  sheet,  with  an  average 
grain  dimension  along  the  short  transverse  direction  (thickness  of  the  sheet)  of  about  5  /mi.  The  microstructure  is  believed  to 
be  predominantly  recrjstaliizcd  with  the  “pancake  grain"  appearance  resulting  from  a  small  difference  m  orientation  between 
the  fine  grains  formed  within  each  one  of  the  previous  solidification  cells  of  the  Al-Li  ingot  that  have  become  elongated  in  the 
rolling  direction.  The  Al-Li  sheet  was  also  highly  textured.  A  texture  analysis  of  the  Al-Li  sheet  used  in  the  supplemental 
test  programme  was  conducted  by  A.  W.  Bowen  (Royal  Aerospace  Establishment)  and  is  reported  in  the  Annex.  The  yield 
stress  and  ultimate  tensile  strength  were  525  and  580  MPa,  respectively  (sec  Table  G). 

Because  this  was  a  new  material,  very  little  baseline  crack  growth  rate  data  were  available.  Thus,  long  crack  growth  rate 
tests  were  conducted  by  Mazur  and  Rudd  [42]  on  center-crack  tension  (CCT)  specimens  as  a  parallel  effort  for  comparison 
with  the  short  crack  results.  The  CCT  specimens  were  produced  from  the  same  sheet  as  the  SENT  specimens. 

Mazur  and  Rudd  (42).  Carvalho  and  de  Freitas  [43],  Blom  [38]  and  Swain  ct  al.  [44]  conducted  short-crack  tests  on 
the  SENT  specimens  under  various  constant  amplitude  loading  conditions  (It  =  -2,  -1,  0  and  0.5/.  Short-crack  tests  were 
conducted  under  various  aircraft  spectra  by  Mazur  and  Rudd  [42],  Blom  [38],  Nowack  et  al.  [37]  and  Cook  [28]. 

2.2.4  Titanium  Alloy  Ti-6A1-4V 

Annealed  Ti-6A1-4V  titanium  alloy  sheet,  1.5  mm  thick,  was  supplied  by  Aeritalia  GVC.  Optical  microscope  observations 
revealed  that  the  grain  size  in  the  rolling  direction  was  about  8  /nn  and  the  typical  dimension  in  the  crack  growth  direction. 
2a.  was  5  /mi. 

Long-crack  and  short-crack  tests  were  conducted  by  Lanciotti  and  Galatolo  [45]  under  constant-amplitude  loading 
conditions  (/{  =  0  and  -1).  Specimens  were  machined  from  a  single  sheet  by  the  University  of  Pisa. 

2.2.5  Steel  4340 

The  steel  specimens  were  manufactured  from  a  single  AISI  4310  steel  plate,  0.5  mm  in  thickness,  supplied  in  the  annealed 
condition.  The  chemical  composition  of  the  steel  is  given  in  Table  5.  All  specimens  were  machined  with  the  loading  axis 
parallel  to  the  rolling  direction  of  the  plate  and  were  ground  to  a  thickness  of  5.1  nun.  Specimens  were  heat  treated  to 
a  hardness  level  of  45  on  the  Rockwell  C  scale.  The  yield  stress  and  ultimate  tensile  strength  were  1400  and  1500  MPa 
respectively.  The  tempered  martensite  microstructure  had  prior  austenite  grain  sizes  of  about  10  /im.  Two  types  of  inclusion 
particles,  spherical  calciuin-aluminatc  particles  ami  manganese-sulfide  stringers  elongated  in  the  rolling  direction  of  the  plate 
were  identified  by  X-ray  analyses  of  broken  specimens.  These  particles  and  stringers  were  shown  to  serve  as  crack  initiation 
sites. in  the  SENT  specimens. 

Swain  ct  al.  [44]  conducted  short-  and  long-crack  tests  o\cr  a  wide  range  of  constant-amplitude  load  conditions  (/’  =  —1. 
0  and  0.5)  and  under  the  standard  helicopter  spectrum.  Fclix/28,  a  shortened  version  of  Felix  [30].  Additional  long-crack 
data  (It  =  -I,  0.1  and  0.5)  were  supplied  by  Wanhill  and  Schra  (NLR). 

2.3  Loading 

A  wide  range  of  loading  conditions  was  applied  in  the  supplemental  test  programme.  Fatigue  tests  were  conducted  under 
several  constant-amplitude  loading  conditions  and  under  six  spectrum  load  sequences.  The  spectra  were:  FALSTAFF  [20,21]. 
Inverted  FALSTAFF  [28],  a  Gaussian  spectrum  [22],  TWIST  [29j.  Felix  (of  Fclix/28)  [30]  and  the  Fokker  100  spectrum  [31]. 
In  all  tests,  the  frequencies  ranged  from  5  to  20  Hz. 

Each  laboratory  was  required  to  align  their  test  machines  and  gripping  fixtures  to  produce  a  nearly  uniform  tensile  stress 
field  on  an  un-notclicd  sheet  specimen  with  strain  gauges.  Specimens  (identical  to  the  short-crack  specimen  without  a 
notch)  were  supplied  to  each  laboratory  for  alignment  verification.  The  alignment  procedures  are  presented  in  Annex  C  of 
reference  19. 

Anti-buckling  guides  lined  with  teflon  sheets,  shown  schematically  in  Figure  5,  were  used  in  all  tests  where  compressive 
loads  were  applied.  They  were  loosely  boiled  together  on  both  sides  if  the  cp-riii:-!!  ci;ii:!r  pi,-.:.-:  were  not  used  when  the 
minimum  applied  load  was  zero  or  positive.  If  a  test  was  interrupted,  the  steady-state  minimum  load  was  not  lower  than  the 
required  minimum  load  in  the  test.  The  following  sections  briefly  describe  the  various  load  histories, 

2.3.1  Constant-amplitude  loading 

Four  stress  ratios,  /l  =  —2,  -I,  0  and  0.5,  were  used  in  the  programme.  Tiic  large  negative  stress  ratios  were  selected 
because,  as  previously  mentioned,  the  short-crack  effect  is  more  pronounced  under  compressive  loading  conditions.  In 
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contrast,  the  short-crack  effect  is  less  ct  ident  at  lngh  positive  stress  ratios.  At  each  fl-ratio.  sev  oral  stress  levels  were  selected 
by  the  participating  laboratory.  Table  1  gives  a  summary  of  the  stress  ratios  tested  by  each  laboratory. 

2.3.2  Standard  manoeuvre  load  sequence  FALSTAFF 

A  large  number  of  participants  in  ti:c  core  programme  carried  out  fatigue  tests  under  the  FALSTAFF  (Fighter  Aircraft 
Loading  STAedard  For  Fatigue)  loading  sequence,  see  Table  2.  Those  laboratories  conducting  FALSTAFF  spectrum  load 
tests  id  the  cote  programme  ..ere  independently  checked  by  a  programme  coordinator  to  verif,  the  accuracy  of  their  spectrum 
loading.  The  retults  of  the  on-line  spectrum  \<  ’ding  accuracy  verification  are  discussed  in  Annex  0  of  reference  19.  This 
exercise  «as  quite  beneficial  and  resulted  in  several  modifications  and  improvements  made  at  several  laboratories  on  spectrum 
loud  testing  111  the  supplemental  test  programme,  too  laboratories  [38,42]  carried  out  tcs>s  on  the  aluminum-lithium  (2090- 
TSF.I!)  ahoy  using  the  FALSTAFF  load  sequence. 

FALSTAFF  j20.21j  is  based  on  a  large  nnntbc.  of  actual  flight  load-time  ‘Histories  pertaining  to  five  different  fighter  aircraft 
types  operated  by  three  different  air  forces.  The  load  sequence  represents  the  load-timc  history  in  the  lower  wing  skin  near  the 
svmg  root  of  a  fighter  aircraft.  The  essential  properties  are  summarized  as  follows.  FALSTAFF  represents  a  load  sequence, 
defined  b;  r .recessive  peaks  and  troughs,  covering  a  "block’  of  200  flights.  Tiic  block  size  conforms  to  average  European 
anim.’J  fightet  utilization.  Flights  m  FALSTAFF  belong  to  three  different  groups  of  mission  types,  flights  with  repetitive 
patterns  of  seven  manoeuvring  vair-to-ground  missions),  flights  with  severe  manoeuvring  (air  combat)  and  flights  with  only 
light,  to  moderate  manoeuvring  (navigation  missions).  FALSTAFF  contains  taxi-load  cycles  and  the  majority  of  these  arc 
associated  with  a  crossing  of  (he  z.eio-stress  level.  The  complete  FALSTAFF  sequence  consists  of  35966  numbers,  ranging 
in  magnitude  from  1  to  32.  The  "FALSTAFF  load  levels"  ranging  from  1  to  32  arc  arbitrary  units.  The  “zcro”-strcss  level 
corresponds  to  FALSTAFF  level  7.5269.  The  smallest  load  variation  ('‘omission  level")  considered  is  two  FALSTAFF  levels 
or  about  8  percent  of  the  highest  stress  contained  in  FALSTAFF.  The  highest  stress  ("truncation  level")  considered  is  tin 
one  exceeded  once  in  one-hundred  flights.  References  20  and  21  give  a  complete  FALSTAFF  sequence  in  tabular  form  and 
give  a  FORTRAN  listing  of  the  program  to  generate  the  sequence. 

2.3.3  Fighter  manoeuvre  load  sequence  Inverted  FALSTAFF 

Inverted  FALSTAFF  [28]  is  a  simple  inversion  of  the  FALSTAFF  sequence.  Part  of  the  air-ground-air  cycle  and  the  taxi 
loads  an.  applied  in  tension  while  the  gust  and  manoeuvre  load:  are  applied  in  compression,  such  as  might  be  experienced 
by  an  upper  wing  surface.  This  load  sequence  was  applied  to  SENT  specimens  from  the  same  lot  of  material  (202 1-T3)  as 
the  core  programme  specimens  [28j.  (Note  that  the  use  of  202-1-T3  was  for  the  purpose  of  comparing  test  results.  This  alloy 
would  not,  of  course,  be  used  in  practice  as  an  upper  wmg-skin  material.) 

2.3.4  Standard  random  load  sequence  GAUSSIAN 

In  the  core  programme,  four  laboratories  carried  out  fatigue  tests  using  a  Gaussian  type  random  load  sequeme  Only  one 
laboratory  in  the  supplemental  programme  conducted  tests  under  the  Gaussian  load  sequence.  Nowack  et  al  [37]  carried 
out  tests  on  the  aluminum-lithium  ailoy. 

The  Gaussian  load  sequence  (22]  is  used  for  general  application  in  fatigue  testing  The  sequence  was  originally  defined 
in  three  forms,  each  one  having  a  different  irregularity  factor  (ratio  of  number  of  zero  crossings  to  number  of  peaks).  The 
version  specified  for  the  core  and  supplemental  test  programmes  t»  tuat  with  tilt  narrowest  bandwidth.  The  narrow  bandu  idth 
sequence  has  an  irregularity  factor  (I)  of  0.99.  Herein,  this  particular  sequence  is  referred  to  as  GAUSSIAN. 

The  characteristic  properties  of  the  GAUSSIAN  random  load  sequence  are  as  follows.  The  sequence  has  a  frequency 
distribution  of  level  crossings  equal  to  that  of  a  stationary  Gaussian  process.  Sequence  length  is  defined  by  about  I06 
mean  level  crossings  J.VU)  with  positive  slope.  The  number  of  peaks  Aj  (equal  to  the  number  of  troughs)  depends  upon 
the  irregularity  factor  /  =  A’o/A’i  -  0.99.  The  total  range  of  possible  peaks  and  troughs  is  divided  into  32  intervals  For 

I  =  0.99,  the  spectrum  shows  very  lillie  variation  in  the  tnean  value  (nearly  zero)  and  the  spectrum  is  very  close  to  an 

II  --  -1  variable-amplitude  loading. 

2.3.5  Standard  transport  gust  load  sequence  TWIST 

In  the  supplemental  test  programme,  one  laboratory  carried  out  short-  and  long-crack  tests  under  the  TWIST  ioad 
sequence  on  two  materials.  Bioin  jJSj  conducted  these  tests  on  both  2021-T3  and  2O90-T8E41  alloys. 

TWIST  [29]  is  a  European  standard  gust  load  sequence  for  flight  simulation  lots  on  transport  aircraft  wing  structures, 
f  uad  spectra  pertaining  to  the  vvmg  root  stresses  were  obtained  from  a  number  of  transport  aircraft  types.  The  standardized 
flight  load  sequence  was  taken  as  the  average  of  the  different  load  spectra  TWIST  represents  a  load  sequence  that  covers 
a  block  of  1000  flights.  The  10CO  flights  are  composed  of  ten  different  flight  types.  Stress  levels  m  each  flight  have  been 
normalized  by  the  onc-g  stress  level  Niuean  stress  in  flight)  under  cruise  conditions.  The  severest  flight  has  one  occurrence 
of  the  highest  peak  level  (Sihax  =  2.6  S,nj).  The  lowest  trough  (or  minimum  stress)  in  the  total  sequence  is  S,n,n  =  -0.6  Smt. 
The  cumulative  number  of  load  cycles  per  block  of  1000  flights  is  398.C65  cycles.  Reference  29  gives  a  complete  TWIST 
sequence  in  flight  types  and  gives  a  FORTRAN  fisting  of  a  program  to  generate  the  sequence. 
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2.3.6  Standard  helicopter  load  sequence  Felix  and  Felix/28 

Two  laboratories,  in  the  supplemental  test  programme,  carried  out  short-  and  long-oiack  tests  under  the  Felix  or  Felix/28 
load  sequences.  Cook  [28)  conducted  tests  on  both  202I-T3  aim  2090-T8E41  alloys  under  Felix,  while  Swain  et  id  (44)  used 
the  shortened  version  (Fehx/28)  to  test  -1310  steel. 

Felix  [30)  is  a  standard  load  sequence  for  helicopters  with  ‘fixed'  or  semi-rigid  rotors.  The  load  sequence  is  composed  of 
140  sorties  or  flights.  These  sorties  are  constructed  of  33  different  load  levels  and  the  maximum  load  level  was  scaled  to  100 
The  minimum  trough  was  level  -28.  in  Felix,  the  number  of  full  load  cycles  was  over  2  million  cycles.  In  order  to  reduce 
the  time  required  to  complete  fatigue  tests,  a  shortened  version.  Felix/28.  was  developed.  This  version  contains  only  about 
100,000  cycles  with  the  majority  of  alternating  cycles  at  level  28  and  below  omitted. 


2.3.7  Gust  load  sequence  for  Fokker  100 

Wanhill  and  Schra  [31j  used  the  Fokker  100  gust  load  spectrum  to  evaluate  short-  and  long-crack  behaviour  on  the  core 
programme  material  (2024-T3).  Besides  center-crack  tension  panels  and  SENT  specimens,  they  also  used  an  unusual  specimen 
to  obtain  some  long-crack  data.  This  specimen,  a  bonded  patch  three  hole  crack  tension  (BPTHT)  specimen,  was  selected 
for  two  reasons  First,  in  the  BPTHT  specimen,  the  stress-intensity  factor  naturally  decreases  with  increasing  crack  length, 
thereby  enabling  spectrum  fatigue  tests  to  go  down  to  low  intensities  without  imposing  load  shedding.  And  second,  unlike 
pin-loaded  (compact)  specimens,  the  BPTHT  specimen  is  suitable  for  load  histories  containing  compressive  loads.  However, 
the  BPTHT  specimen  turned  out  to  be  very  sensitive  to  crack  initiation  on  the  side  of  the  hole  opposite  the  primary  crack 
(see  [31)).  Thus,  the  use  of  this  specimen  is  not  practical. 

The  Fokker  100  test  load  sequence  consists  of  blocks  of  5000  different  flights.  There  are  eight  diffeicnt  flight  types  ranging 
from  storm  to  calm  conditions.  There  are  eight  gust  load  levels  and  three  taxi  load  levels  The  flight  stresses  have  been 
expressed  in  non-dimensional  form  by  dividing  them  by  the  stress  pertaining  to  the  undisturbed  cruising  flight  or  mean  stress 
in  flight  (S,,,/) 


2.4  Short-Crack  Test  Conditions  and  Procedures 

The  test  matrix  for  the  supplemental  programme  is  summarised  in  Table  I.  For  each  mateiial  group,  each  participant  was 
assigned  or  selected  either  constant-amplitude  or  spectrum-load  conditions  All  test  conditions  were  to  be  carried  out  at  stress 
levels  selected  by  the  participant  on  the  basis  of  fatigue  tests  conducted  on  a  preliminary  series  of  specimens.  For  each  test 
condition,  there  were  two  objectives’  (1)  obtain  surface-crack-lcngth-against-cycles  data,  and  (2)  obtain  surface-crack-depth 
information.  To  achieve  these  objectives,  two  types  of  tests  were  required, 

Some  specimens  were  to  be  tested  to  obtain  surface-crack-length-against-cycies  data  (using  the  plastic-replica  method) 
until  one  continuous  crack  was  all  the  way  across  the  notch  root.  The  specimen  was  then  pulled  to  failure. 

Some  specimens  were  to  be  tested  until  the  total  surface-crack  length  along  the  bore  of  the  notch  was  much  less  than  the 
sheet  thickness  The  specimen  was  then  nionotonically  pulled  to  failure.  An  examination  ol  the  fracture  surface  would  reveal 
the  surface  crack  (or  cracks)  so  that  information  on  the  surface-crack  shape  could  be  obtained. 


2.4.1  Short-crack  measurement  method 

Several  methods  of  measuring  the  growth  of  "short"  cracks  from  lengths  of  10  /mi  to  2  mm  were  considered  m  the  core 
programme.  These  methods  were  electrical  potential  [23).  ultrasonic  surface  waves  [21),  marker  bands  [25j.  and  plastic  replicas 
(26). 

The  electrical-potential  method  is  widely  used  in  monitoring  the  growth  of  “long"  cracks.  This  method  has  been 
successfully  used  to  monitor  the  growth  of  short  cracks  in  steels  and  supcralloys  (23)  but  the  sensitivity  of  this  method 
for  aluminum  alloys  had  not  been  established  at  the  time  of  the  present  programme.  Several  factors  must  be  considered  for 
accurate  and  reproducible  electrical  potential  monitoring  of  short  cracks  First,  a  calibration  between  measured  voltage  and 
crack  she  must  be  established.  Also,  the  electrical  probe  must  be  accurately  located  with  respect  to  the  crack  location.  The 
cooperative  programme  objective  of  monitoring  the  growth  of  naturally-initiated  cracks  and  the  possibility  of  multiple  crack 
initiation  sites  would  make  the  application  of  this  method  very  difficult,  if  not  impossible. 

The  ultrasonic  surface  wave  method  [21)  was  shown  to  be  effective  in  detecting  a  surface  crack  (or  multiple  surface  cracks) 
at  the  root  of  a  notch  in  an  aluminum  alloy  material.  This  method  was  capable  of  detecting  surface  cracks  down  to  about 
300  /un.  However,  reference  21  also  demonstrated  that  the  plastic-replica  method  could  detect  a  surface  crack  or  multiple 
surface  cracks,  as  small  as  about  10  /un. 

The  marker-band  method,  using  either  a  high  /(-ratio  or  a  small  spike  overload  marker,  could  not  be  used  to  detect  small 
surface  cracks  {251.  Reference  25  also  showed  •!:.?*  -he  phsafr-prpSca  method  couid  be  used  to  monitor  the  growth  of  ’'slurt'’ 
cracks. 

Because  the  replica  method  was  found  to  be  accurate  down  to  the  short  crack  lengths  required  in  the  programme,  this 
method  was  selected  as  the  primary  method.  Eacli  participant  could  select  any  oilier  method  to  monitor  short  cracks 
provided  that  they  calibrate  their  method  against  tiic  replica  method.  All  participants,  however,  chose  the  replica  method. 
This  method  is  very  simple  to  apply,  hut  the  method  is  vcry  labor  intensive.  Many  replicas  have  to  be  taken  to  determine 
crack  length  against  cycles.  The  suggested  plastic-replica  procedures  are  presented  in  Annex  E  of  reference  19. 
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Figure  6  shows  (lie  area  over  which  crarks  were  to  be  monitored.  The  crack  length  or  lengths  (L,j  were  measured  along 
die  bore  of  the  notch  The  crack  lengths  were  determined  from  observations  made  on  plastic  replicas  and  were  defined  as 
the  horizontal  projection,  as  shown  m  Figure  7.  This  figure  is  a  montage  of  photographs  of  replicas  showing  a  eiack  and 
the  initiation  site  The  values  of  /.,  and  their  location  were  recorded  on  a  “Data  Chart"  as  a  function  of  cycles.  The  Data 
Chart,  shown  in  Figure  8,  includes  ihc  specimen  number,  loading  type,  peak  stress,  and  a  grid  upon  which  the  information 
obtained  from  a  replica  was  recorded.  Each  record  of  crack  length,  location,  and  cycles  were  taken  at  specified  cycle  intervals 
Replicas  were  taken  at  a  cycle  interval  chosen  sc  that  at  least  2 5  to  30  replicas  were  taken  during  one  test.  A  test  was 
terminated  when  a  crack  had  grown  across  the  tot  il  specimen  thickness,  l).  The  estimated  number  of  cycles  to  breakthrough 
{L  =  B)  was  obtained  from  fatigue  tests  conducted  by  each  participant  Iicplicas  were  also  taken  while  the  specimen  was 
under  tensile  load  (The  loading  procedures  for  tah'ng  replicas  under  constant-amplitude  and  spcctium  loading  are  presented 
in  the  next  section  )  When  a  tect  was  terminated  the  specimen  was  monotouicaily  pulled  to  failure.  Some  test  specimens, 
however,  were  monotouicaily  pulled  to  failure  early  in  life  to  determine  the  shape  of  the  cracks.  The  data  charts  provided 
approximate  locations  for  determining  crack  initiation  sites,  for  calculating  stress-intensity  factors,  and  for  applying  the  track 
non-interaction  criteria  (see  reference  19).  The  methods  of  calculating  stress-intensity  factors  and  crack-growth  rates  are 
presented  in  Section  2.5. 


2.4.2  Constant-amplitude  and  spectrum  loading 

Replicas  were  taken  while  the  specimen  were  under  tensile  load  so  that  any  cracks  that  were  present  would  be  open  and 
allow  the  replica  material  to  infiltrate  the  cracks.  The  loading  procedures  are  as  follows. 

Constant-amplitude  loading  -  The  test  was  stopped  at  mean  (or  minimum)  load.  The  applied  load  was  then  manually 
increased  to  80  percent  of  the  maximum  test  load.  This  load  was  held  while  a  replica  was  taken  of  the  bore  of  the  notch. 
After  the  replica  was  removed  from  the  notch,  the  load  was  reduced  to  mean  (or  minimum)  load  and  the  teat  was  restarted. 

Spectrum  loading  -  To  take  replicas  under  spectrum-load  conditions,  the  test  machine  was  programmed  (or  manually  set) 
to  stop  and  hold  at  a  specified  peak  level  after  the  desired  number  of  cycles  had  been  completed.  The  replica  was  taken  of 
the  bore  of  the  notch  The  specified  level  for  the  various  spectra  was  between  GO  and  80  percent  of  the  peak  level  ill  the 
spectra  After  the  replica  was  removed  from  the  notch,  the  test  machine  was  restarted  and  continued  from  the  specified  peak 
level. 

2.4.3  Crack  shape 

The  replica  method  provides  information  only  on  surface-  or  corner-crack  length  (L)  along  the  notch  root.  The  surface- 
or  corner-crack  depth,  c,  as  shown  in  Figure  9,  had  to  be  determined  by  cither  an  experimental  or  analytical  calibration. 
(Note  that  the  surfacc-crack  length  is  defined  as  “2a"  and  the  cornei-crack  length  is  defined  as  “a”  Similarly,  the  thickness 
~t"  is  one-half  sheet  thickness  for  surface  cracks  and  is  full  sheet  thickness  for  corner  cracks.  These  definitions  arc  comenieiit 
for  developing  stress-intensity  factor  equations,  sec  Section  2.5.  B  is  always  tile  full  sheet  thickness.)  Results  from  the  core 
programme  |19]  indicated  that  the  crack  shape  for  the  202-1-T3  aluminum  alloy  could  be  approximated  by 

c/a  =  09-  0.23(n/f)2  M) 

for  a/t  ratios  greater  than  about  0.05.  No  information  was  obtained  u.  the  core  programme  on  the  shape  of  cracks  with  an 
a/t  ratio  less  than  0.01  Most  participants  used  equation  (1)  to  estimate  crack  depths  in  the  supplemental  test  programme. 

Wanhil!  and  Srlira  [31]  determined  crack  shapes  down  to  extremely  small  a/t  values  (0  007).  about  20  pm.  on  the  2024-T3 
aluminum  alloy  SENT  specimens  using  the  Fokker  100  load  spectrum.  This  particular  spectrum  marked  the  crack-front 
profile.  Comparisons  are  made  herein  between  their  resuits  and  equation  (1). 

Cnlvalho  and  de  Freitas  (-13)  determined  crack  shapes  on  the  2090-T8E41  aluminum-lithium  alloy  specimens.  They  also 
found  that  the  Al-Li  alloy  fatigue  surfaces  were  marked  quite  well  even  under  constant-amplitude  loading  The  Al-Li  alloy, 
however,  exhibited  an  unusual  crack-surface  orientation  (normally  30  to  35  degrees  to  the  loading  axis).  This  orientation 
made  it  difficult  to  interpret  the  crack  aspect  ratio  ( a/c ).  They  arrived  at  a  crack-shape  equation  in  the  form  of 

c/a  =  1.18 +  0.51(a/f)  (2) 

Comparisons  are  made  between  stress-intensity  factors  and  short-crack  growth  rates  calculated  using  either  equation  (1)  or 
(2)  for  the  Al-Li  alloy  Also,  a  different  interpretation  of  the  aspect  ratio  (a/c)  for  the  Al-Li  alloy  is  made  herein. 

Swain  et  al  [441  determined  the  crack  shapes  on  the  AIS1  4340  steel  SENT  specimens.  They  developed  an  equation  in 
the  form  of 

c/a  =  1  -  0  25 (a/t)  (3) 

for  a  limited  range  of  data.  Equation  (3)  shows  the  same  trends  in  crack  shapes  as  observed  m  tiie  core  programme  for  the 
aluminum  alloy. 

2.5  Short-Crack  Data  Analysis  Procedures 

In  the  following,  approximate  stress-intensity  factor  equations  for  a  surface  crack  or  a  cornet  crack  emanating  from  a  semi¬ 
circular  edge  notch  are  discussed  [19],  These  equations  were  used  by  all  participants  in  the  supplemental  test  piogramine. 
These  equations  are  used  later  to  compare  crack-growth  rates  measured  for  short  cracks  with  those  measured  for  long  crarks 
as  a  function  of  the  stress-intensity  factor  range.  A  modification  to  these  equatin'  as  made  by  Swain  et  al.  (-14)  to  account 
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for  the  different  stress  concentration  factor  of  the  steel  specimens  (Fig.  3).  The  method  of  calculating  the  crack-growth  rates 
for  short  cracks  is  also  presented. 

2.5.1  Calculation  of  stress-intensity  factors 

The  calculation  of  stress-intensity  factor  assumes  that  either  a  semi-elliptical  surface  crack  is  located  at  the  center  of  the 
edge  notch,  as  shown  m  Figure  0(a).  or  a  quarter-elliptical  corner  crack  is  located  a:  an  edge,  as  shown  in  Figure  9(b).  (Note 
definition  of  a  and  t  in  Figure  9.)  For  a  surface  crark  located'at  other  locations  along  the  bore  of  the  notch,  the  calculation  is 
adequate  if  the  crack  is  small  compared  to  thickness.  However,  if  several  cracks  arc  close  to  one  another  (hen  the  calculation 
is  in  error.  No  provisions  have  been  made  to  account  for  multiple  crack  interaction  in  the  calculation  of  the  stress-intensity 
factors  Crack-growth-rate  data  for  cracks  that  may  lie  interacting  with  each  otiicr  have  been  eliminated  from  the  data  sets 
by  using  a  “non-interaction"  Criterion  (sec  Section  -1.2  in  reference  19  on  Short-Crack  Growtli  Kate  Data  and  Non-Interaction 
Criteria).  These  criteria  arc  also  discussed  in  the  present  document,  see  Wanhill  and  Schra  (31). 

To  calculate  the  stress-imensity  factor  at  the  point  where  the  crack  intersects  the  notch  surface  (i>  =  u/2),  the  crack 
length,  a.  and  the  crack  depth,  c,  must  lie  known.  For  a  surface  crack.  “2a"  (or  L)  is  the  projection  of  tiie  crack  on  a 
horizontal  plane,  as  show n  in  Figure  7  For  a  corner  crack,  "a"  is  equal  to  l.  The  crack  depth,  c,  was  calculated  from 
equation  (1)  for  either  a  surface  crack  or  corner  crack  at  the  notch  in  all  materials  except  the  aluminum-lithium  alloy  and 
tiie  steel.  Equation  (1)  is  in  good  agreement  with  experimental  measurements  and  analytical  calculations  marie  on  surface 
cracks  growing  from  an  edge  notch  in  an  aluminum  alloy  in  references  19  and  25,  Comparisons  are  made  herein  between  the 
crack  shapes  predicted  from  equation  (1)  and  those  obtained  from  tiie  results  of  tests  on  2021-T3  aluminum  alloy  under  the 
Fokker  100  load  sequence  and  the  2090-T8E‘ll  aluiiiir.iiiu-lithium  alloy  under  constant -amplitude  loading.  Equation  (3)  was 
used  to  calculate  the  crack  depth,  c,  for  the  -1340  steel  specimens. 

The  stress-intensity  factor  range  equation  for  a  surface  crack  located  at  the  center  of  the  edge  notch.  Figure  9(a),  subjected 
to  remote  uniform  stress  (25j,  is 

Al<  =  ASifiZjQ  fi»i  (4a) 

for  0.2  <  a/c  <  2  and  a/t  <  1.  Equations  for  Q,  the  shape  factor,  and  Fm,  the  boundary-correction  factor,  are  given  in 
Annex  F  of  reference  19. 

For  a  corner  crack,  tiie  stress-intensity  factor  is 

Ah’  =  ASJTZJq  Fcn  (4b) 

for  0.2  <  a/c  <  2  and  a/t  <  1,  where 

Fa,  =  F,„(1.13  -  0  09  a/c)  for  a/c  <  1 
Fcn  =  Fsn{  1  +  0.01  c/a)  for  a/c  >  1 

The  stress  range  (AS)  is  full  range  (5nnx~5miii)  for  constant-amplitude  and  spectrum  loading.  For  example,  AS  =  25„MX 
for  R  =  -1  leading.  For  spectrum  loading,  the  highest  peak  stress  is  S„m  and  the  lowest  trough  is  Smi„. 

2.5.2  Calculation  of  crack-growth  rates 

The  calculation  of  crack-growth  rates  for  constant-amplitude  and  spectrum  loading  is  a  simple  point-to-point  calculation: 

da/dN  =  Aa/ AN  =  (a-2  -  a|)/(Ar2  -  A’i)  (5) 

where  «;  is  the  crack  length  at  A',  cycles.  The  cycle  interval,  No  -  Aj,  is  ihe  interval  between  replicas.  The  cycle  interval 
was  chosen  so  that  at  least  25  to  30  replicas  were  taken  during  a  test. 

The  corresponding  stress-intensity  factor  range  (Ah')  is  calculated  at  an  average  crack  length,  a,  (see  Fig.  9)  as 

a  =  (a]+a2)/2  (6) 

using  equations  (1)  to  (3),  for  crack  shape,  and  equation  (4)  for  the  stress-intensity  factor. 

2.6  Long  Crack-Growth  Rate  Tests 

Fatigue  crack-growth  rate  tests  were  conducted  on  long  cracks  (lengths  greater  than  about  2  mm)  under  the  various 
constant-amplitude  stress  ratios  and  various  spectrum  load  sequences  used  in  the  supplemental  test  programme.  The  objective 
was  to  generate  near-threshold  fatigue  crack-growth  rate  data  for  the  various  materials  using  a  load-shedding  procedure.  This 
load-shedding  procedure  is  consistent  with  the  guidelines  of  the  ASTM  Standard  Test  Method  for  Measurement  of  Fatigue 
Crack  Growth  Rates  (F.ft!7-R7)  Tvts  were  conducted  on  ccuter-uadk  tension  specimens  made  from  the  same  sheet  of 
material  that  was  used  to  make  tiie  SENT  specimens.  These  data  were  used  to  define  the  regime  where  long-crack  data  arc 
applicable  to  short  cracks  The  results  from  tiie  long-crack  tests  are  given  in  references  28,  31  and  37  to  45.  Best-fit  lines 
or  test  data  on  long  cracks  arc  compared  herein  with  short-crack  data  for  all  materials  and  loading  conditions  used  in  the 
supplemental  test  programme. 
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3.  SHORT-CRACK  EXPERIMENTAL  DATA 

Some  of  the  experimental  data  generated  in  the  Supplemental  Test  Programme  on  short-crack  growth  behaviour  m  the 
various  materials  are  summarized  here.  Data  generated  under  various  loading  conditions  are  compared  with  long-ciack  data 
generated  under  the  same  load  history.  These  data  will  establish  the  regions  where  short-crack  behaviour  is  significantly 
different  from  long-crack  behaviour  The  crack-growth  rate  data  are  presented  as  a  function  of  the  stress-intensity  factor 
range  (AA')>  Note  that  short-crack  data  is  presented  as  da/dN  (crack-growth  rates  along  the  notch  root)  while  long-crack 
data  is  dc/dN.  Herein,  the  equivalence  between  da/dN  and  dc/dN  as  a  function  of  A  A'  is  assumed.  For  some  materials, 
however,  the  growth  rates  in  these  two  directions  may  be  significantly  different. 

As  previously  mentioned,  several  cracks  may  initiate  along  the  notch  root  in  each  specimen  and  it  was  appreciated  that 
as  the  cracks  approached  each  other  they  could  affect  each  other’s  crack-growth  rates.  Accordingly,  a  simple  system  for 
rejecting  crack-growth  rate  data,  where  such  interaction  could  occur,  was  devised  (J.  Foth.  IAI3G,  West  Germany)  This 
non-interaction  criterion  is  described  in  Section  1.2  of  reference  19,  and  it  will  not  be  repeated  here.  The  non-interaction 
criterion  was  used  by  each  participant  to  screen  their  data  anil  only  valid  data  were  presented. 

3.1  Aluminum  Alloy  2024-T3 

For  completeness,  sonic  typical  short-crack  growth  data  generated  in  the  AGARD  Cooperative  Test  Programme  on  the 
core-programme  material  arc  presented  here.  Figures  10  to  -12  show  in  detail  the  crack-growth  rate  data  obtained  by  the 
various  participants  under  each  load  history,  respectively.  Each  figure  refers  to  one  stress  lei  el  and  one  particular  load  history 
(constant-amplitude  or  spectrum  loading)  The  individual  participants  arc  identified  by  a  letter.  The  long-crack  data  (solid 
curve)  are  also  shown  for  comparison.  For  ail  stress  levels  and  load  histories,  the  results  from  the  various  participants  agreed 
well  The  scatter  in  the  data  is  attributed  to  experimental  error  and  to  cracks  growing  through  different  imcrostructurc  that 
is  not  accounted  for  in  the  analysis.  For  almost  all  of  the  load  histories,  crack-growth  rates  for  short  cracks  were  found  to  be 
significantly  higher  than  those  for  long  cracks  at  the  same  stress-intensity  factor  range. 

Under  constant-amplitude  loading,  the  higher  crack-growth  rates  for  short  craiks  were  most  significant  for  tests  conducted 
at  negative  stress  ratios  (/(  =  -2  and  -1).  The  results  for  It  =  -2  arc  shown  in  Figure  10.  Short-crack  results  at  the  It  =  0 
test  condition  showed  about  the  same  rates  as  long  cracks  for  the  same  A  A'  for  AA'-ranges  above  the  long-crack  threshold 
(AA ’a,).  The  It  =  0.5  short-crack  tests,  on  the  other  hand,  showed  slower  growth  rates  than  long  cracks  for  the  same  AA' 
for  AA'-ranges  above  the  long-crack  threshold.  For  constant-amplitude  loading,  the  most  significant  event  was  the  growth 
of  short  cracks  below  the  long-crack  thresholds  for  all  stress  ratios  considered.  Growth  of  short  cracks  were  recorded  at 
AA'  values  as  low  as  0  6  MPa-ni1/-  These  low  values  of  A K  for  short  cracks  were  from  15  to  30  percent  of  the  respective 
long-crack  thresholds. 

The  short-crack  growth  rates  obtained  under  FALSTAFF  loading  (fig.  11)  were  found  to  be  about  a  factor-of-1  times 
faster  than  those  for  long  cracks  for  AA'  values  around  10  MPa-m1/2.  The  crack-growth  rate  data  for  long  cracks  under  the 
GAUSSIAN  loading  (Fig  12)  did  not  cover  the  same  stress-intensity  factor  range  as  short  cracks  but  an  extrapolation  of  the 
long-crack  data  would  be  expected  to  show  significant  differences  in  rates  for  the  same  AA'. 

In  the  supplemental  programme.  Cook  [28]  conducted  short-crack  tests  on  the  202-1-T3  material  under  the  Inverted 
FALSTAFF'  load  sequence.  The  Inverted  FALSTAFF  sequence  is  typical  of  the  load  sequence  that  the  upper  wing  surface 
of  a  tactical  aircraft  experiences  during  flight,  that  is,  the  loading  is  primarily  compression-compression  with  tensile  ground 
loading,  as  shown  in  Figure  13  A  comparison  of  short-crack  growth  rates  measured  under  the  two  spectra  is  shown  in 
Figure  M.  The  "i"  symbols  show  the  data  generated  by  the  Royal  Aerospace  Establishment  m  the  core  programme.  The 
open  symbols.  Inverted  FALSTAFF  data,  compare  well  with  the  FALSTAFF  data  for  a  given  value  of  AA'.  These  results 
suggest  that  the  crack-driving  forces  on  the  short  cracks  are  nearly  identical  for  both  spectra.  Cook  concluded  that  the 
explanation  for  this  behaviour  was  due  to  crack  closure  differences  between  the  two  spectra.  A  discussion  on  the  crack- 
opening  stresses  (or  effective  stress  ranges)  for  the  two  spectra  is  presented  in  Section  -1,2.2.  The  results  may  also  be 
explained  by  considering  the  local  stress-strain  behaviour  for  the  normal  and  inverted  FALSTAFF  spectra. 

The  solid  curve  in  figure  1-1  shows  the  results  of  long-crack  (load-shedding)  tests  conducted  under  the  FALSTAFF  spectrum 
[19]-  These  results  show  that  short  cracks  under  both  normal  and  inverted  FALSTAFF  grow  much  faster  than  the  long  cracks 
for  A I(  val  ics  below  about  20  MPa-m1^2  The  long-crack  data  is  expected  to  reach  a  threshold  at  about  -1  MPa-in1'2.  based 
on  constant-amplitude  data  for  an  It  ratio  of  -0.27  (overall  spectrum  stress  ratio  based  on  the  lowest  and  highest  stress  level 
in  FALSTAFF).  sec  Annex  G  in  reference  19. 

Blom  [38]  carried  out  tests  on  the  core-programme  material  under  the  TWIST  spectrum.  Figure  15  shows  the  short-crack 
growth  rates  measured  on  tests  conducted  at  two  different  stress  levels.  The  short-crack  data  extended  down  to  A li  values 
of  about  7  MPa-in1/2.  These  data  indicate  that  a  stress  level  effect  may  exist.  The  high  stress  level  tests  caused  higher 
growth  rates  at  a  given  A  AT  value.  Long-crack  tests  conducted  tinder  a  TWIST  load-shedding  procedure  arc  shown  as  the 
solid  curve.  These  results  show  a  long-crack  threshold  at  about  23  MPa-in1^2.  The  apparently  high  threshold  under  the 
TWIST  spectrum  mav  be  an  artifact  nf  the  !<w<l-«l>~M:"g  procedure  (case  by  a  too  rapid  icductiou  in  ioad  with  crack 
extension)  The  long-crack  threshold  for  TWIST  would,  again,  be  expected  to  be  about  -1  MPa-m1/2  based  on  the  overall 
spectrum  stress  ratio  (It  =  -0.23).  However,  the  TWIST  spectrum  may  produce  a  lot  of  fretting  debris  which  may  induce 
higher  closure  loads  and.  consequently,  a  higher  threshold.  A  more  detailed  examination  of  this  behaviour  may  be  justified. 

Wanhill  and  Schra  [31]  studied  the  short-  and  long-crack  growth  rate  behaviour  under  the  Fokkcr  100  load  spectrum. 
Figure  10  shows  A',,,/,  stress-intensity  factor  calculated  using  the  mean  stress  in  flight  and  the  current  crack  length,  against 
the  crack-growth  increment  per  flight.  da/dF.  The  short-  and  long-crack  data  did  not  overlap  but  an  extrapolation  of  the 
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long-crack  data  would  be  expected  to  show  significant  differences  in  rates  for  the  same  A I<  and  short-crack  growth  below 
the  long-crack  threshold. 

The  long-crack  results  under  the  Fokker  100  spectrum  in  Figure  10  also  show  some  large  differences.  Wanhill  and  Schra 
(31)  used  three  different  specimen  types  to  obtain  their  data  (center-crack,  SENT  and  BPTHT  specimens).  They  concluded 
that  the  primary  difference  between  long  cracks  for  center-crack  and  SENT  specimens  was  due  to  diffeient  constraint  being 
developed  during  the  peak  load  application  because  of  different  specimen  configurations.  Also,  there  may  be  differing  start-up 
effects  during  which  crack-closure  levels  gradually  rise  and  stabilize  (19).  The  reason  for  the  large  difference  between  the 
results  from  the  BPTHT  specimen  and  the  other  two  specimens  is  not  known. 

The  Fokker  100  load  sequence  was  also  found  to  mark  the  crack  surfaces  while  the  crack  sizes  were  extremely  small  (31). 
A  comparison  of  crack  shapes  measured  during  spectrum  loading  and  those  determined  from  constant-amplitude  tests  m 
the  core  programme  [I9j  are  shown  in  Figure  17.  (Note  that  Wanhill  and  Schra  used  the  reverse  definition  for  crack  length 
and  crack  depih  in  their  paper  (31)  but  their  data  have  been  rcplotted  in  Figure  17  using  the  same  iioincnclatme  that  was 
used  in  this  report )  Figure  17  shows  c/a  plotted  against  aft  ( a  is  measured  along  the  notch  root  and  e  is  crack  depth).  An 
a/t  value  of  unity  is  the  breakthrough  conditions  where  a  surface  crack  has  become  a  through  crack.  The  x-symbols  show 
Wanhill’s  and  Schra’s  icsults  which  show  that  a  crack  lias  initiated  with  a  c/a  ratio  of  about  0.4.  The  inclusion-particle 
clusters,  that  arc  elongated  in  the  c-direction,  would  suggest  that  an  initial  c/a  value  should  be  much  greater  than  unity. 
The  data  obtained  from  the  core  programme  (open  symbols)  provided  no  information  on  c/a  values  below  an  a/t  ratio  of 
about  0  04  The  dashed  curve  shows  the  predictions  from  a  crack-growth  analysis  using  equation  (4(a))  where  the  initial 
{c/a),  ratio  was  assumed  to  lie  4.  The  solid  curve  is  the  crack-shape  equation  (eqn.  (1))  used  in  the  core  and  supplemental 
programmes  The  large  differences  between  the  measured  and  expected  crack  shapes  suggest  that  further  studies  need  to  be 
conducted  to  determine  whether  these  differences  arc  due  to  loading  effects. 

Nowack.  Trautmann  and  Strunck  (37)  also  conducted  some  additional  short-crack  tests  on  the  core-programme  material 
under  the  high- /f  ratio  test  condition. 

3.2  Aluminum  Alloy  7075-T6 

Ankara  and  Kaynak  (39)  conducted  short-crack  tests  on  7075-TG  aluminum  alloy  over  a  wide  range  in  stress  ratios  (It-- 1, 
0  and  0.5).  Figure  18  shows  some  typical  data  at  a  stress  ratio  of  zero.  Additional  short-crack  data  have  been  provided 
by  Swain  (40)  Long-crack  tests  on  this  material  were  also  performed  by  Phillips  (-11).  Above  the  long-crack  threshold,  the 
short-crack  data  agreed  quite  well  with  the  long-crack  data  (solid  curve).  But  the  short  cracks  did  grow  below  the  long-crack 
threshold,  as  was  observed  in  the  core-programme  material,  2024-T3. 

Nowack,  Trautmann  and  Strunck  (37)  also  conducted  some  long-crack  tests  on  a  7075-T6  aluminum  alloy  sheet  material 
under  the  GAUSSIAN  load  sequence  to  compare  with  their  test  results  on  the  aluminum-lithium  alloy.  2090-T3E41. 

3.3  Aluminum-Lithium  Alloy  2090-T8E41 

The  primary  material  of  interest  in  the  supplemental  test  programme  was  the  2090-T8E41  aluminum-lithium  alloy.  The 
use  of  aluminum-lithium  alloys  in  the  aerospace  industry  would  save  substantial  weight  (8  to  12  percent).  Six  laboratories 
agreed  to  test  this  alloy  tinder  a  wide  variety  of  loading  conditions  (sec  Table  -1),  The  long-crack  data  on  center-crack  tension 
specimens  were  determined  by  Mazur  and  Rudd  (42).  These  results  were  supplied  to  all  participants  so  that  they  could 
compare  long-crack  data  with  their  short-crack  results. 

Very  early  in  the  test  programme,  the  unusual  crack-surface  orientation  at  the  notch  root,  as  shown  in  Figure  19,  became 
evident.  Cracks  tended  to  grow  at  30  to  35  degrees  to  the  loading  axis  The  surface  and  corner  cracks  that  initiated  along 
the  bore  of  the  notch  would  be  subjected  to  mixed-mode  loading  conditions  (Kj.  I<u  and  A'///)  around  the  crack  front 
This  crack  orientation  behaviour  is  a  consequence  of  the  propensity  towaids  planar  slip  characteristic  of  some  aluminum- 
lithium  alloys  (46),  in  combination  with  the  detected  preferred  crystallographic  orientation  (see  the  Annex).  A  minimum 
yield  stress  and  tensile  strength  has  been  frequently  found  at  50  to  60  degrees  to  the  working  direction  m  aluminum-lithium 
mil!  products  and  attributed  to  the  presence  of  a  {110}(112)  texture  (-17.-J8).  This  texture  is  present  in  the  supplemental 
programme  aluminum-lithium  sheet  as  the  main  component  at  mid-thickness  of  the  sheet  and  one  of  the  three  components 
at  1/4  thickness  (28). 

As  previously  mentioned,  a  systematic  slant  (about  30  to  35  degrees  from  the  loading  axis)  of  the  cracks  was  found 
in  all  short-crack  tests  on  the  aluminum-lithium  alloy  except,  surprisingly,  the  TWIST  spectrum  (38).  Later,  tests  using 
Mini-TWIST  (40)  also  showed  that  the  cracks  do  not  grow  on  a  slant  for  this  spectrum  cither.  For  all  constant-amplitude 
loading  conditions  and  all  other  spectra  tested  (FALSTAFF,  GAUSSIAN  and  Felix)  the  cracks  tended  to  grow  on  a  slant. 
For  a  slant  crack,  the  remote  stress  causes  a  resultant  shear-stress  and  normal-stress  component  oil  the  crack  plane.  Mixed 
mode  conditions  exist  along  the  crack  trout.  Simplified  models  for  these  conditions  were  attempted  by  Mazur  and  Rudd  (42) 
and  Carvalho  and  tie  Freitas  (43).  The  model  presentee!  in  reference  43  will  be  briefly  reviewed  here.  At  the  point  where 
the  surface  or  corner  crack  intersects  the  notch-root  surface,  the  crack  tip  is  subiectcd  to  Mode  I  and  II  condition?  The 
maximum  depth  location  is  subjected  to  Mode  1  and  ill  conditions. 

For  an  embedded  elliptical  crack  of  length  2a  and  depth  2c  subjected  to  uniform  uniaxial  tensile  stress  a  and  uniform 
shear  stress  r,  the  stress-intensity  factors  are  giver  in  reference  19.  When  the  ellipse  becomes  a  circle  (a  =  c),  then  the 
stress-intensity  factors  arc  given  by 


Kj  =  oyfxa/Q 


(7) 


i-n 


><lt  =  r(2/(2  -  o)](cos  0)^jQ  (8) 

1<W  =  t((2  -  2i/)/(2  -  ")](sin  0)  (9) 

where  <?  =  7t2/<1  and  0  is  the  angle  measured  on  the  crack  plane  between  the  shear-stress  direction  and  the  point  of  inteiost 
on  the  crack  front. 

On  the  basis  of  equations  (7)-(9),  approximate  equations  for  mixed-mode  stress-intensity  factors  were  obtained  for  a  slant 
surface  crack  at  the  edge  of  the  notch.  It  was  assumed  that  the  boundary-correction  factors  (or  F< „  for  a  corner  eiack) 

are  the  same  for  all  three  modes.  The  equations  for  the  three  modes,  m  terms  of  the  remote  applied  stress  5,  are. 

K,  =  S(si.i2U)v^7QF,,1  (10) 

Kjl  =  S(2/{2  -  i/)J(cos  U)(s\n  3  cos  0)\J ~a/Q  E„„  (II) 

Kill  =  S[(2  -  h') /(I  -  i/)](sin  d)(sin  0  cos  0)\/-a/Q  Km  (12) 

where  0  is  the  angle  measured  between  the  loading  axis  and  the  plane  of  the  crack.  From  the  mixed-mode  equations,  an 

equivalent  stress-intensity  factor,  K,q ,  was  calculated  from  the  strain-energy  release  rate  G.  For  plane  stress  conditions, 

O'  =  [l(j  +  Kji  +  (!-  ,')Kj„]  /E  (13) 

and 

Kcq  =  V EG  (hi) 

The  equivalent  stress-intensity  factor  range.  A/C,(,  was  calculated  from  equation  (hi)  by  replacing  S  with  A5. 

For  the  point  where  the  crack  front  intersects  the  notch  surface,  0  is  equal  to  ir/2  and  the  equivalent  stress-intensity  factor 

range  is  _ 

A/vV,  =  y/A/ijr  +  M<j,  (15) 

Carvalho  and  de  Freitas  |43)  carried  out  short-crack  tests  for  a  wide  range  of  constant-amplitude  conditions  (see  Table  1) 
Some  typical  results  for  0  =  0  loading  are  shown  in  figure  20.  A  comparison  between  using  the  mixed-mode  equation 
(cqn.  (15))  and  the  horizontal  projection  of  the  crack  (cqn.  (■!)),  Mode  I  only,  shows  that  data  using  equation  (la)  agree 
better  with  the  long-crack  data  (solid  curve)  (-12)  above  the  long-crack  threshold  The  data  using  the  mixed-mode  equation 
fall  well  ■<  the  left  of  the  long-crack  data.  Whether  the  mixed-mode  equation  is  more  accurate  than  using  the  horizontal 
projection  must  await  further  study,  but  the  simplicity  and  good  correlation  with  equation  (4a)  does  allow  the  use  of  current 
life-predict ion  methodologies. 

As  previously  discussed,  Carvalho  and  de  Freitas  (13]  determined  crack  shapes  on  the  aluminum-lithium  alloy  They 
developed  a  crack-shape  equation  (eqn.  (2))  from  their  expei micntal  data.  Figure  21  shows  a  comparison  between  short- 
cratkdata  reduced  using  equation  (2)  or  equation  (1)  (core-programme  equation)  The  data  reduced  with  the  core-programme 
equation  agreed  better  with  the  long-crack  data  [42]  for  stress-intensity  factors  above  the  long-crack  threshold. 

The  unusual  orientation  of  the  crack  surfaces  made  the  interpretation  of  the  crack  aspect  ratio  (c/a)  difficult.  Figure  22 
shows  a  schematic  of  the  fracture  surface  on  the  aluminum-lithium  alloy  with  a  corner  crack.  The  crack  length,  a,  is  measured 
as  the  horizontal  projection  and  a'  is  the  length  measured  on  the  crack  surface.  Because  of  the  acute  angle  with  the  horizontal 
plane,  there  is  a  large  difference  between  the  ratio  c/a  and  c/a'.  Note  that  the  a/t  ratio  is  identical  to  the  a'/t1  ratio  If  the 
c/a1  ratio  is  plotted  against  the  a'/t'  ratio  for  the  alummuin-hthuim  alloy,  then  better  couelation  with  the  core-programme 
is  obtained,  as  shown  in  Figure  23.  Again,  the  solid  curve  is  equation  (1)  (core-programme  results  arc  open  symbols)  and 
the  dashed  curve  is  the  prediction  from  a  crack  growth  analysis  using  equation  (la).  Tins  may  explain  why  equation  (1) 
correlated  short-crack  data  better  than  equation  (2). 

Several  laboratories  tested  the  aluminum-lithium  alloy  under  the  same  loading  conditions  A  typical  comparison  between 
short-crack  growth  rates  determined  by  Carvalho  and  de  Freitas  ( 13],  Mazur  and  Rudd  (12)  and  Swain  ct  al.  (14]  arc  shown 
in  Figure  24.  Results  from  the  three  laboratories  agreed  quite  well.  Part  of  the  scatter  m  the  data  sets  is  due  to  plotting 
results  from  all  stress  levels  tested  (5m, ix  =  80  to  105  MPa).  These  results  show  that  using  the  horizontal  projection  (Mode  I 
only)  stress-intensity  factor  ranges  against  crack-growth  rates,  a  short-crack  elTcct  does  exist.  These  results  are  quite  similar 
to  those  for  the  2021-T3  aluminum  alloy  in  the  core  programme  (19). 

Figures  25-27  show  short-  and  long-crack  tests  results  on  the  aluminum-lithium  alloy  tested  under  the  GAUSSIAN  [37], 
TWIST  (38]  and  Felix  (28]  load  sequences,  respectively.  Again,  these  results  clearly  show  that  a  short  crack  effect  exists 
under  all  spectra  tested.  Short-crack  growth  rates  were  either  faster  than  long-crack  growth  rates  or  the  short  cracks  grew 
at  stress-intensity  factor  levels  below  the  long-crack  threshold. 

3.4  Titanium  Alloy  Ti-6A1-4V 

Lanciotti  and  Galatolo  [45]  conducted  short-crack  tests  on  Ti-6A1-4V  titanium  alloy  for  two  stress  ratios  (/{  =  -I  and 
0).  Figure  28  shows  some  typical  data  at  a  stress  ratio  of  -1.  Part  of  the  scatter  in  the  data  sets  is  due  to  plotting  results 
from  all  stress  levels.  Long-crack  tests  on  this  material  were  also  performed  (45].  Again,  above  the  long-crack  threshold,  the 
short-crack  data  agreed  reasonably  well  with  the  long-crack  data  (solid  curve).  But  the  short  cracks  grew  faster  than  long 
cracks  at,  the  same  stress-intensity  factor  range  and  also  grew  below  the  iong-crack  threshold. 
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3.5  Steel  4340 

Swain,  Everett.  Newman  and  Phillips  {44]  studied  the  crack  initiation  and  short-crack  growth  characteristics  of  a  high- 
strength  steel  (AISI  4310).  Unlike  the  core-programme  material,  where  multiple  cracks  initiated  at  the  notch  root,  the 
single-cdge-notched  steel  specimens  (Fig.  3)  usually  initiated  only  a  single  ciack  at  the  notch  loot  and  the  crack-surface 
profile  was  extremely  Hat  Some  typical  initiation  sites  are  shown  in  Figure  29.  Two  particles  wcie  identified  at  the  initiation 
sites:  (1)  a  spherical  calciuni-aluminate  inclusion  particle.  10  to  40  //in  in  diameter  (Fig.  (29a))  and  (2)  an  elongated 
manganese-sulfide  particle,  2  to  5  /mi  wide  along  the  notch  root  (Fig.  (29b)). 

They  carried  out  short-  and  long-crack  tests  on  the  4340  steel  over  a  wide  range  in  constant-amplitude  loading  conditions 
{/?  =  -1,  0  and  0.5)  and  under  the  Fclix/28  helicoptei  spectrum.  Unlike  the  other  materials,  the  short-crack  data  and 
long-crack  data  agreed  quite  well,  even  down  to  and  including  the  long-crack  threshold,  for  the  positive  /f-ratio  and  Fehx/28 
tests  The  only  difference  observed  between  short  and  long  cracks  on  the  steel  was  under  the  negative  stress  ratio  condition. 
Figure  30  shows  the  short-crack  data  at  It  —  ~l  (symbols).  Long-crack  tests  were  also  performed  on  the  same  material  (44) 
and  the  scatterband  on  these  data  is  shown  by  the  solid  lines.  Above  the  long-crack  threshold,  the  short-crack  data  agreed 
reasonably  well  with  the  long-crack  data.  But,  again,  the  short  cracks  did  grow  below  the  long-crack  threshold.  Th  e  results 
reinforce  the  previous  conclusion  from  the  core  programme  that  short-ctack  effects  are  more  pronounced  under  compressive 
loading. 


4.  MODELS  OF  SHORT-CRACK  GROWTH  BEHAVIOUR 

Many  investigators  have  shown  that  LEF.M  concepts  arc  inadequate  to  explain  short-crack  growth  behavioui  [1  -18).  Using 
nonlinear  fracture  mechanics,  some  investigators  have  tried  to  explain  the  growth  of  short  cracks  m  plates  and  at  notches.  In 
particular,  the  ./-integral  concept  and  an  empirical  length  parameter  [3,4]  have  been  used  to  correlate  short-crack  and  long- 
crack  growth  rate  data.  The  physical  interpretation  of  the  length  parameter,  however,  is  unclear.  Several  other  researchers 
[12,17j  have  also  introduced  ’’length”  parameters  into  crack-growth  models  These  length  parameters  have  been  associated 
with  microstructural  features  (or  barriers  to  crack  growth)  such  as  grain  size.  Short  cracks  have  been  observed  to  slow  down 
or  stop  at  grain-boundary  locations  Many  other  investigators  [5-11,33]  have  suggested  that  crack  closure  [50]  (or  lack  of 
crack  closure  in  the  early  stages  of  crack  initiation)  may  be  a  major  factor  in  causing  some  of  the  differences  between  the 
growth  of  short  and  long  cracks.  Reference  51  has  shown,  on  the  basis  of  crack  closure,  that  a  large  part  of  the  short-crack 
effect  in  an  aluminum  alloy  was  caused  by  a  short  crack  emanating  from  a  defect  ‘‘void’’  of  incoherent  inclusion  particles  and 
a  breakdown  of  LEFM  concepts. 

In  the  supplemental  test  programme,  several  participants  used  the  crack-closure  model,  FASTRAN  [52],  to  calculate  crack¬ 
opening  stresses,  short-crack  growth  rates  and  fatigue  lives.  In  the  following  sections,  the  model  will  be  briefly  reviewed. 
Some  examples  of  how  crack-opening  stresses  vary  as  a  function  of  load  history  for  short  cracks  arc  shown.  Comparisons 
of  experimental  and  predicted  short-crack  growth  rates  on  two  of  the  materials  used  in  the  test  programme  arc  presented. 
Similar  comparisons  are  made  between  experimental  and  predicted  fatigue  lives 


4.1  Analytical  Crack-Closure  Model 


The  crack-closure  model  developed  in  reference  32,  and  applied  to  short  cracks  in  references  33  and  51,  was  used  by  several 
participants  in  the  supplemental  programme  to  analyze  crack  growth  and  closure  under  constant-  and  variable-amplitude 
loading  The  following  includes  a  description  of  the  closure  model  and  of  the  assumptions  made  m  the  application  of  the 
model  to  the  growth  of  short  and  long  cracks. 

The  closure  model  [32]  was  developed  for  a  central  crack  in  a  finite-width  specimen  subjected  to  uniform  applied  stress. 
This  model  was  later  extended  to  through  cracks  emanating  from  a  circular  hole  in  a  finite-width  specimen  also  subjected 
to  uniform  applied  stress  [33].  The  model  is  based  on  the  Dugdale  model  [53],  but  modified  to  leave  p1  istically  deformed 
material  in  the  wake  of  the  crack.  The  primary  advantage  in  using  this  model  is  that  the  plastic-zone  size  and  crack-surface 
displacements  are  obtained  by  superposition  of  two  elastic  problems,  a  crack  in  a  plate  subjected  to  a  remote  uniform  stress 
and  a  uniform  stress  applied  over  a  segment  of  the  crack  surface. 


Figure  31  shows  a  schematic  of  the  model  at  maximum  and  minimum  applied  stress.  The  model  is  composed  of  three 
regions:  (1)  a  linear-elastic  region  containing  a  circular  hole  with  a  fictitious  crack  of  hall-length  d  +  p,  (2)  a  plastic  region 
of  length  p,  and  (3)  a  residual  plastic  deformation  region  ..long  the  crack  surface.  The  physical  crack  is  of  length  c!  -  r, 
where  r  is  the  radius  of  the  hole.  (The  model  was  also  assumed  herein  to  apply  for  a  crack  emanating  from  a  semi-circular 
notch.)  The  compressive  plastic  zone  is  w.  Region  1  is  treated  as  an  clastic  continuum.  Regions  2  and  3  arc  composed 
of  rigid-perfcctly  plastic  (constant  stress)  bar  elements  with  a  flow  stress,  <r0.  The  flow  stress  (<ra)  is  the  average  between 
the  yield  stress  and  the  ultimate  strength.  The  shaded  regions  in  Figures  31(a)  and  31(b)  indicate  material  that  is  in  a 
plastic  state.  At  any  applied  stress  level,  the  bar  elements  are  cither  intact  (in  the  plastic  zone)  or  bioken  (residual  plastic 
deformation).  The  broken  elements  carry  compressive  loads  only,  and  then  oply  if  they  are  in  contact.  The  elements  yield 
in  compression  when  the  contact  stress  reaches  -<r<,  To  account  for  the  effects  of  state  of  stress  on  plastic-zone  size,  a 
constraint  factor  rr  was  used  to  elevate  the  tensile  now  stress  for  the  intact  elements  m  the  plastic  zone.  The  effective 
flow  stress  cta0  under  simulated  plane-stress  conditions  is  a0  and  under  simulated  plane-strain  conditions  is  3<r0.  For  thin 
sheet  material,  fully  plane-strain,  conditions  may  not  be  possible.  Irwin  [54]  suggested  accounting  for  throiigh-the-thickness 
variation  in  stress  state  by  introducing  a  constraint  factor  (o  -  1,73)  to  icpresent  nominal  plane-strain  conditions.  For  the 
core-programme  material  (2024-T3),  a  constraint  factor  of  1.73  was  found  to  correlate  crack-growth  rate  data  for  various 
stress  ratios  (-2  <  R  <  0.7)  in  the  near  threshold  region  [19]  and  to  give  crack-opomng  stresses  m  reasonable  agreement 
with  experimental  measurements  [55]  made  on  the  core-programme  material. 
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The  closure  model  is  used  to  calculate  crack-opening  stress  as  a  function  of  crack  length  and  load  history.  The  applied 
stress  level  at  which  the  crack  surfaces  are  fully  open  is  denoted  as  S,„  the  crack-opening  stress.  The  crack-opening  stress 
calculated  for  a  through  crack  was  also  assumed  to  apply  at  each  location  along  a  surface-  or  corner-crack  front.  The  crack- 
opening  stress  is  then  used  to  calculate  the  effective  stress-intensity  factor  range,  A/f  .g  (50).  In  turn,  the  crack  growth  rate 
is  calculated  using  a  Aft'cir-against-crack-growth-rate  relationship  determined  from  long-crack  data.  Generally,  long-crack 
thresholds  are  ignored  because  reliable  methods  to  measure  or  calculate  crack-opening  stresses  during  load  shedding  are  not 
available. 

4.2  Crack-Opening  Stresses 

The  influence  of  the  initial  defect  "void”  size  on  the  crack-closure  behaviour  of  short  cracks  under  constant-amplitude  and 
spectrum  loading  is  presented  here.  For  all  loading  conditions,  Irwin’s  plane-strain  constraint  factor  of  1.73  was  assumed  to 
apply  for  the  growth  of  “short”  cracks  in  the  2024-T3  aluminum  alloy.  A  constraint  factor  of  2.5  was  assumed  to  apply  for 
“short’’  crack  growth  in  the  4340  steel  specimens  These  results  are  used  later  to  predict  short-crack  growth  rates  and  fatigue 
lives. 

4.2.1  Constant-amplitude  loading 

The  closure  model  was  used  to  study  the  influence  of  defect  void  size  on  the  closure  behaviour  of  short  cracks  growing  from 
a  notch  (19),  as  shown  m  Figure  9(a).  Some  typical  results  of  calculated  crack-opening  stresses  normalized  by  the  maximum 
applied  stress  as  a  function  of  half-crack  length,  a,  are  shown  m  Figure  32.  The  crack-growth  simulation  was  performed 
under  the  four  stress  ratios  used  m  the  core  and  supplemental  test  programmes  with  an  initial  defect  (void  or  crack)  size  ti, 
of  3  /mi,  C|  of  12  /m i,  and  a  defect-void  height,  h  >  0.4  /im.  The  particular  values  of  Simx/Oo  used  in  the  simulation  are  as 
shown.  Experimental  and  numerical  results  from  the  core  programme  suggest  that  part  of  the  short-crack  effect  may  be  due 
to  an  initial  defect  void  height  that  is  sufficient  to  prevent  closure  over  the  initial  defect  surfaces.  In  the  core  programme, 
cracks  were  found  to  initiate  at  inclusion-particle  clusters  or  voids  left  by  the  removal  of  these  particles  from  the  machining 
or  polishing  process.  For  defect-void  heights,  h,  greater  than  about  0.4  /mi,  the  initial  defect  surfaces  do  not  close,  even 
under  the  R  =  -2  compressive  loading.  The  newly  created  crack  surfaces,  however,  do  close  as  the  crack  grows  and  the 
crack-opening  stresses  are  shown  by  the  solid  curves.  The  crack-opening  stresses  start  initially  at  the  minimum  applied  stress, 
but  rapidly  rise  and  tend  to  level  olf  as  the  crack  grows.  The  high  R- ratio  (R  =  0.5)  results  show  that  the  crack  is  always 
fully  open,  that  is,  S0  =  Smm.  Results  at  R  =  0  stabilized  very  quickly  after  about  20  /mi  of  crack  growth.  Negative  R- ratio 
results  showed  the  largest  transient  behaviour  on  crack-opening  stresses.  Results  at  R  -  -2  had  not  stabilized  after  about 
100  /im  of  crack  growth.  The  results  at  the  negative  stress  ratios  are  also  strongly  influenced  by  the  maximum  applied  stress 
level  (33,51). 

4.2.2  FALSTAFF  ar.d  Inverted  FALSTAFF  load  sequence 

The  closure  model,  FASTRAN,  was  also  used  by  Cook  (28)  to  calculate  the  crack-opening  stresses  under  the  two  variable- 
amplitude  load  spectra.  The  initial  defect-void  size  («,,cj,/i)  was  the  same  as  that  used  for  the  constant-amplitude  loading, 
previously  discussed.  Figures  33  and  34  show  crack-op-ning  stresses  plotted  against  crack  length,  a.  for  the  FALSTAFF 
and  Inverted  FALSTAFF  load  sequences,  respectively.  Only  a  small  part  of  the  opening  values  calculated  from  the  model  is 
shown  in  the  figures.  The  dashed  lines  indicate  the  peak  stress  (Slim)  and  the  lowest  stress  (Smm)  in  the  stress  spectra.  As 
pointed  out  by  Cook  (28),  the  effective  stress  range  foi  “short”  cracks  was  nearly  the  same  for  both  spectra  (crack  lengths  less 
than  about  0.025  mm).  And  crack-growth  rates  for  short  cracks  should  be  about  the  same  under  either  spectrum.  However, 
the  crack-opening  stresses  in  the  Inverted  FALSTAFF  load  sequence  rise  more  rapidly  than  in  the  FALSTAFF  sequence 
In  both  sequences,  the  opening  stresses  tend  to  level  off  after  about  0.25  nun  of  crack  growth  For  long-crack  lengths,  the 
effective  stress  range  for  FALSTAFF  is  about  40  percent  larger  than  the  Inverted  FALSTAFF  sequence,  and  consequently, 
the  crack-growth  rates  should  be  about  3  times  faster  under  FALSTAFF. 

4.3  Short-Crack  Growth  Rates 

In  this  section,  comparisons  of  experimental  and  predicted  short-crack  growth  rates  are  made  only  or.  two  materials' 
2024-T3  aluminum  alloy  and  4340  steel.  Similar  procedures  would  be  required  for  the  other  materials  The  2090-T8E4I 
aluminum-lithium  material,  however,  may  require  some  major  modifications  in  the  analysis  because  of  the  mixed-mode 
nature  observed  in  snort-crack  growth.  To  apply  the  closure  model,  an  effective  stress-intensity  factor  against  crack-growth 
rate  relation  must  be  obtained.  The  crack-growth  rates  measured  on  long  cracks  were  correlated  against  A  A'cfr  using  the 
closure  model  for  a  wide  range  of  constant-amplitude  stress  ratios.  Center-crack  tension  specimens  were  used  to  obtain 
crack-growth  rate  data  on  long  cracks  (c  >  2  mm)  in  the  2024-T3  aluminum  alloy  (19)  and  in  the  4340  steel  (44).  The 
effective  stress-intensity  factor  (50)  is  given  by 

Affair  =  K^max  —  So)/(Sni!ix  —  Siiiin))A/f  (16) 

where  Su  was  calculated  from  equations  given  in  reference  56. 

4.3.1  Aluminum  alloy  2024-T3 

To  establish  the  A/4/f-rate  relation  for  the  aluminum  alloy,  a  constraint  factor  (a)  of  1.1  was  used  for  rates  greater  than 
7.5E-07  m/cycle  (end  of  transition  from  flat-to-slant  crack  growth)  and  a  =  1.73  (equivalent  to  Irwin’s  plane-strain  condition) 
was  used  for  rates  lower  than  9.0E-08  m/cyclc  (beginning  of  transition  from  flat-to-slant  crack  growth).  A  constraint  factor  of 
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1  73  was  also  found  to  give  calculated  crack-opening  stress  levels  in  quantitative  agreement  with  experimental  measurements 
of  crack-opening  stresses  made  near  the  beginning  of  thv  load.rcduction  threshold  test  J54J.  For  intermediate  rates,  a  was 
varied  linearly  with  the  logarithm  of  crack-growth  rate 

instead  of  using  an  equation  to  relate  crack-growth  rate  to  A/4ir<  a  table-lookup  procedure  was  chosen.  The  primary 
advantage  in  using  a  table  is  that  the  baseline  data  can  be  described  more  accurately  than  with  a  multiple  parameter 
equation,  especially  in  the  transitional  region  (llat-to-slam  crack  growth).  The  effective  stress-intensity  factor  range  against 
crack-growth  rate  relation  is  listed  in  the  following  table: 


AAVff, 

MPa-m1/2 

(fc/i/iV, 

m/cycle 

1.44 

3.5tiE-lO 

2.42 

3.05E-09 

3  30 

6.10E-09 

4  40 

1.52E-0S 

5.50 

4.00E-08 

11.0 

4.32E-07 

27.5 

i  78E-05 

49.5 

2.54E-01 

In  the  low-growth  rate  regime  near  and  at  threshold,  some  tests  [57]  have  indicated  that  the  threshold  develops  because  of 
a  rise  in  crack  opening  stress  This  rise  has  not  been  accounted  for  in  the  analysis  of  the  threshold  test  data.  Therefore,  an 
extrapolation  of  the  long-crack  data  into  the  region  below  the  long-crack  threshold  was  used  because  the  data  did  not  extend 
to  low  AKrg  values  where  short  cracks  were  expected  to  grow.  The  crack-growth  model  required  a  baseline  A/Cg-rate 
relation  in  the  low  A/Feg  region  in  order  to  predict  the  growth  of  short  cracks.  For  A values  below  or  above  the  extreme 
values'  listed  in  the  table,  a  power  law  using  the  first-two  or  last-two  points,  respectively,  was  used  to  obtain  rates.  The  upper 
limit  for  the  power-law  relation  is.  of  course,  defined  by  fracture  toughness.  A  lower  limit  or  short-crack  threshold,  (AKtg)th> 
was  established  in  Annex  D  of  reference  19  and  is  1.05  MPa-m1/2.  (See  reference  19  for  more  details  on  the  development  of 
the  AA'cff  -rate  relation.) 

In  the  following,  comparisons  are  made  between  the  measured  and  predicted  ciack-growth  rates  against  stress-intensity 
factor  range  (A/f)  for  short  cracks  under  constant-amplitude  and  spectrum  loading.  The  experimental  data  analyzed  with 
the  non-interaction  criteria  [19]  were  used  Results  for  the  long-crack  data  uii  tiie  same  material  and  loading  are  also  shown 
for  comparison  To  compare  the  short-  and  long-crack  growth  rate  data,  the  rate  da/dN  :s  assumed  to  be  equivalent  to 
rfc/dA'  for  the  same  A K  value.  The  short  cracks  arc  growing  in  the  o-direction  while  the  long  cracks  are  growing  m  the 
c-direction.  This  assumption  also  applies  in  predicting  short-crack  growth  behaviour  from  long-crack  results. 

Constant-amplitude  loading.-  Figure  35  shows  a  comparison  for  the  R  -  -2  loading  from  the  core  programme  [19] 
Experimental  data  for  each  stress  level  are  denoted  by  a  particular  symbol.  The  solid  curves  show  predictions  from  the 
clesu  e  model  for  various  maximum  applied  stress  levels.  The  dashed  line  shows  long-crack  data  generated  under  the  same 
coi  ditions  These  results  show  a  strong  influence  of  stress  level  (Smax)  on  the  growth  rates  for  short  cracks.  The  short  cracks 
grow  faster  at  higher  stress  levels  for  the  same  value  of  A K.  To  make  predictions,  the  nitial  crack  size  was  selected  as  3 
by  12  by  0.4  ;im  and  an  elfcctivc  stress-intensity  factor  threshold,  (AA'dfJp,,  was  chosen  as  1.05  MPa-m1/2.  This  initial 
defect  size  was  selected  because  “short”  cracks  tended  to  initiate  at  inclusion-particle  clusters  or  voids  on  or  near  the  notch- 
root  surlcee  These  material  defects  were  of  about  the  same  size  as  assumed  in  the  analysis.  The  reasons  for  selecting  this 
particular  defect  sizeand  effective  threshold  value  are  discussed  in  Annex  D  of  reference  19,  The  predictions  from  the  model 
show  a  similar  stress-level  effect  on  the  growth  of  short  cracks.  Although  the  initial  crack-growth  rates  from  the  model  were  in 
qualitative  agreement  with  the  measured  rates,  the  model  predicted  slower  rates  in  the  mid-range  than  those  measured.  The 
predicted  rates  approached  the  long-crack  rates  more  rapidly  than  in  the  test.  As  previously  mentioned,  Irwin's  plane-strain 
condition  (n  =  1  73)  was  assumed  for  the  growth  of  short  cracks.  The  actual  behaviour,  however,  may  be  closer  to  plane 
stress  for  short  cracks. 

At  50  MPa.  the  predictions  show  that  the  crack  nearly  arrested.  The  minimum  rate  occurred  at  a  A  A',.|f  of  1  08  MPa- 
m1/2  Another  prediction  was  made  at  an  applied  stress  level  of  49  MPa.  The  prediction  demonstrates  that  a  short  crack 
can  initiate  and  grow  from  a  defect,  but  as  the  crack-opening  stresses  rise  (decreasing  the  value  of  AA'rff),  the  crack  can  be 
arres'ed.  Here  the  crack  was  arrested  at  a  A K  value  of  about  3  MPa-m1/2. 

TWIST  load  sequence  -  Blom  [38]  used  FASTRAX  to  predict  short-crack  growth  rates  for  2024-T3  specimens  subjected 
to  the  TWIST  load  sequence,  see  Figure  30.  Here  the  “average"  crack-growth  rate  is  plcttcd  against  the  “maximum  range” 
stress-intensity  factor  (see  Section  2.5  1  and  2.5.2).  The  predicted  crack  length  against  cycles  curve  was  treated  similar 
to  the  experimental  data.  Crack  length  (2a)  and  cycles  wcie  taken  from  the  analysis  at  equal  cycle  intervals  between  the 
initial  crack  length  (6  ;im)  and  breakthrough  (2a  =  l).  The  predicted  results  for  the  TWIST  spectium  showed  a  very  small 
stress-level  effect  The  analyses,  however,  tended  to  predict  rates  along  the  uppei  scatter  band  of  the  measured  rates  for  A K 
values  below  the  long-crack  threshold.  Flic  predicted  rates  approached  the  long-crack  data  (dashed  curve)  at  a  A  A'  value  of 
about  25  MPa- ill1/2  These  results  suggest  that  the  closure  model,  with  the  current  assumptions,  would  undorprcdict  fatigue 
lives  on  notched  2024-T3  aluminum  alloy  specimens  subjected  to  the  TWIST  spectrum. 
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4.3.2  Steel  4340 

To  establish  the  A/f<,ir-ratc  relation  for  the  4340  steel,  a  constraint  factor  (a)  of  2.5,  reflecting  plane-strain  conditions, 
was  used  over  the  entire  range  of  crack-growth  rates  from  the  center-crack  tension  specimens  (44).  Again,  a  wide  range  m 
stress  ratios  (R  =  0  5,  0  and  -1)  was  used  to  obtain  long-crack  data.  The  closure  model  correlated  the  long-crack-growth 
rate  data  quite  well  over  a  wide  range  in  rates.  The  effective  stress-intensity  factor  range  against  crack-growth  rate  relation 
is  listed  in  the  following  table: 


Affoir. 

MPa-m’t2 

dc/dN, 

m/cyclc 

3.75 

5  30 

2.0E-09 

7  30 

7.0E-09 

15.0 

4.5E-0S 

50.0 

5.5E-07 

120.0 

3  0E-05 

A  long-crack  A/i^ff  threshold  value  of  3.75  MPa-m1/2  was  selected  to  fall  within  the  range  of  “effective”  thresholds  for 
crack-growth  rate  data  from  the  three  stress  ratios. 

Figure  37  shows  the  predictions  of  sliort-crack  growth  rates  from  Swam  ct  al  [44]  using  FASTRAN  for  4340  steel  specimens 
subjected  to  the  Felix/2S  load  sequence.  Again,  the  “average”  crack-growth  rate  is  plotted  against  the  “maximum  range” 
stress-intensity  factor  The  predicted  crack  length  against  cycles  curve  was  treated  in  a  similar  way  to  the  experimental 
data  Crack  length  (2a)  and  cycles  were  taken  from  the  analysis  at  equal  cycle  intervals  between  the  initial  crack  length 
(a,  =  8  pm)  and  breakthrough  (2<i  =  t).  The  predicted  rates  from  the  Fehx/28  spectrum  fell  along  tiic  upper  scatter  band 
of  the  measured  rates*  for  short  cracks  These  predicted  rates  were  also  slightly  higher  than  the  experimental  rates  for  long 
cracks  (dashed  curve). 

4.4  Fatigue  Life 

Figure  38  shows  a  comparison  between  the  experimental  and  predicted  fatigue  lives  for  SENT  specimens  made  of  4340 
steel  subjected  to  the  Felix/28  spectrum.  The  test  data,  from  reference  44,  are  shown  as  symbols  (symbols  with  an  arrow 
indicate  that  the  test  was  terminated)  The  large  amount  of  scatter  ir.  fatigue  lives  was  attributed  to  different  size  defects 
at  the  crack  initiation  site  (larger  defects  caused  shorter  lives).  The  calculated  fatigue  lives  (solid  curve)  were  made  using 
FASTRAN"  with  a  A/fcff-rate  relationship  that  was  obtained  from  long-crack  data  (sec  Section  4.3  2)  and  an  initial  mean 
defect  size.  The  initial  defect  “void''  size  was  a,  =  8  pm  and  c,  =  13  pm  Thi.  flaw  size  was  determined  from  a  statistical 
analysis  of  a  large  number  of  crack  initiation  sites.  The  void  height  (/i)  was  assumed  to  be  about  4  pm.  The  A/Cf(t  threshold 
for  short  cracks  was  assumed  to  be  3  75  MPa-zn1/2  (same  value  as  for  Jong  cracks)  The  predicted  lives  for  the  Felix/28 
spectrum  were  somewhat  shorter  than  the  test  lives.  This  behavior  is  consistent  witii  the  fact  that  the  model  tended  to 
predict  slightly  higher  crack-grovvtb  rates  for  short  cracks  (sec  Fig.  37). 

5.0  SIGNIFICANCE  OF  THE  SHORT-CRACK  EFFECT 

Because  the  use  of  fracture  mechanics  (A/F-bascd)  methodologies  to  characterize  the  growth  of  fatigue  cracks  in  metals  is 
well  established  in  the  design  of  aerospace  strnctu-cs,  the  significance  of  the  short-crack  effects  is  expressed  here  in  the  same 
terminology.  The  experimental  data  generated  in  tiie  AGARD  Cooperative  and  Supplemental  Test  Programmes  and  the 
analytical  crack-closure  inode!  have  identified  several  significant  features  of  short-crack  growth  behaviour  in  various  aerospace 
materials  under  a  wide  range  of  load  histories.  These  features  are  briefly  discussed  in  the  following  sections. 

At  stress  concentrations  typical  of  aircraft  structures,  short  cracks  initiate  very  early  m  the  fatigue  life,  if  the  applied 
stress  levels  are  above  the  fatigue  limit  As  non-destructive  inspection  (N'DI)  techniques  improve,  which  is  inevitable,  smaller 
crack  sizes  will  be  detected  in  aircraft  structures.  In  particular,  Wanliill  (58)  points  out  that  as  the  design  philosophy  changes 
from  a  fail-safe  approach  to  a  damage-tolerance  or  durability  evaluation,  a  better  understanding  of  the  behaviour  of  short 
cracks  is  required,  especially  in  aircraft  engines  The  growth  of  these  short  cracks  is  strongly  influenced  by  load  history 
and  stress  level  The  growth  differences  between  short  and  long  cracks,  at  the  same  stress-intensity  factor  range,  w*rc  more 
pronounced  for  load  histories  which  included  compressive  loading.  Short-crack  growth  behaviour  in  tests  with  only  positive 
loading  was  nearly  tiie  sanie  as  the  behaviour  oflong  cracks  for  growth  above  the  long-crack  threshold.  Short  cracks  tended  to 
grow  well  below  the  long-crack  threshold  even  for  positive  loading  in  aluminum,  aluminum-lithium,  and  titanium  alloys.  For 
the  4340  steel,  however,  short-crack  and  long-crack  behaviour  were  nearly  identical,  except  for  load  histones  which  included 
compressive  loading  But  why  do  short  cracks  grow  faster  than  long  cracks?  The  answer  to  this  question  lies  in  several  reasons. 

(1)  the  loss  of  similitude  (16)  which  occurs  when  stress  levels  are  too  high  and  small-scale  yielding  conditions  are  exceeded, 

(2)  local  inicrcstrt'cturai  features  are  favorable  for  rapid  crack  growth  or  severe  retardation  (8.12),  and  (3)  the  lack  of  crack 
closure  in  tiic  early  stages  of  crack  growtli  (5-11,33).  Perhaps,  the  most  significant  feature  of  short-crack  growth  behavior, 
observed  in  the  test  programmes,  was  the  growth  of  short  cracks  well  below  the  long-crack  thresholds.  This  observation 
should  have  the  largest  impact  on  design-life  calculations,  hong-crack  data  that  include  a  threshold  clearly  cannot  be  used 
in  analyses  that  treat  the  early  stages -of  crack  growth  in  aluminum,  aluminum-lithium  and  titanium  alloys  because  it  leads 
to  prediction  of  infinite  life  for  crack  sizes  as  much  as  an  order-of-magnitude  larger  than  the  crack  sizes  actually  monitored 
in  the  test  programmes  Thus,  the  use  of  long-crack  thresholds  in  damage-tolerance  and  durability  analyses  is  likely  to  be 
non-conservative.  This  topic  should  be  thoroughly  investigated. 
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In  the  future,  the  short-crack  effect  may  have  a  large  impact  on  design-life  calculations  if  procedures  are  adopted  that  treat 
the  fatigue  process  as  entirely  crack  growth  (59]  Basing  all  life  calculations  on  crack-growth  analyses  seems  teasonablc  m 
view  of  test  results  in  this  study  and  others  (GO, Cl)  in  which  crack  growth  was  actually  monitored  over  more  than  90  percent 
of  the  total  fatigue  life  A  crack-growth-based  approach  to  design  life  may  be  a  viable  alternative  to  traditional  “crack 
initiation”  safe-life  analyses  currently  used  for  such  structures  as  landing  g“ar.  helicopter  rotoi  systems,  and  turbine  engines. 
One  advantage  of  a  crack-growth-based  procedure  is  that  the  measure  of  damage  “crack  size”  is  a  physically  measurable 
quantity  that  can  be  used  to  gain  a  better  understanding  mid  evaluation  of  life-prediction  analyses.  Another  advantage 
would  be  the  use  of  a  single  analysis  procedure  for  all  life  calculations,  rather  than  one  procedure  for  initiation  and  anothet 
for  crack  growth.  Disadvantages  of  t  lie  crack-growth-based  procedure  are  that  general  ion  of  short-crack  data  is  more  difficult 
than  classical  fatigue  testing  and  more  complex  stress  analyses  would  be  required.  However,  with  continually  improving 
computerized  stress  analyses  and  encouraging  results  from  models  to  predict  short-crack  effects,  a  continued  exploration  of 
crack-growth-based  life  design  is  warranted. 

6.  CONCLUSIONS 

An  AGARD  Supplemental  Test  Programme  on  the  growth  of  “short”  fatigue  cracks  was  conducted  to  allow  participants 
to  test  various  materials  and  loading  conditions  that  were  of  interest  to  their  laboratory.  Twenty-two  participants  from  ten 
laboratories  in  eight  countries  contributed  to  the  programme.  The  materials  tested  m  the  supplemental  programme  were: 
2024-T3  and  7075-T6  aluminum  alloys,  2090-T8E41  aluminum-lithium  alloy,  Ti-CAMV  titanium  alloy  and  1340  steel.  Six 
laboratories  conducted  tests  on  the  aluminum-lit  Ilium  alloy.  Tests  on  single- edge-notch  tension  specimens  were  conducted 
under  several  constant-amplitude  loading  conditions  (stress  ratios  of  -2.  -1,  0,  and  0  5)  and  spectrum  loading  conditions 
(FALSTAFF,  Inverted  FALSTAFF,  GAUSSIAN,  TWIST,  Felix  and  the  Fokker  100  spectra).  The  plastic-replica  method  was 
used  to  measure  the  growth  of  short  cracks  at  the  notch  root. 

Three  laboratories  used  the  crack-growth  mode!  (FAS  THAN),  which  incorporates  crack-closure  effects,  to  analyze  the 
growth  of  short  cracks  from  small  (inclusion)  defects  along  the  notch  surface  in  2024-T3  aluminum  alloy  and  4310  steel. 
Analyses  were  conducted  under  constant-amplitude  loading  and  spectrum  loading  (FALSTAFF,  Inverted  FALSTAFF, 
GAUSSIAN.  TWIST  and  Felix). 

Short-crack  tests  and  analyses  conducted  on  singlc-cdgc-iiotclicd  tension  fatigue  specimens  made  of  various  aircraft 
materials  support  the  following  conclusions: 


Supplemental  Test  Programme 

1  Short-crack  growth  rate  data  from  several  participants  agreed  well  for  constant-amplitude  tests  conducted  on  the  2090- 
T8E41  aluminum-lithium  alloy.  All  participants  showed  about  the  same  amount  of  scatter  in  growth  rate  data. 

2  The  short-crack  specimen  and  plastic-replica  monitoring  technique,  developed  in  the  AGARD  Cooperative  Test  Pro¬ 
gramme.  allowed  the  various  participants  to  obtain  short-crack  data  on  other  materials  and  under  different  load  histories. 

3.  Several  participants  successfully  used  the  crack-growth  analysis  program,  FASTRAN,  to  predict  short-crack  giowth  rate 
behaviour  in  aluminum  alloy  and  steel  specimens. 


Experimental  Results 

1  Materials:  2024-T3  ant!  7075-TG  aluminum  alloy,  2090-T8E41  aluminum-lithium,  and  Ti-6AI-4V  titanium  alloy  exhibited 
a  strong  short-crack  effect  under  both  constant-amplitude  and  spectrum  loading.  Short  cracks  grew  at  stress- intensity 
factors  well  below  the  long-crack  thresholds.  In  many  cases,  short  cracks  grew  faster  than  long  cracks  at  the  same 
stress-intensity  factor  range. 

2.  The  4340  steel  did  not  exhibit  a  significant  short-crack  effect.  Short-crack  and  long-crack  growth  rates  agreed  well  for 
most  test  conditions.  A  slight  short-crack  effect  was  observed  under  constant-amplitude  loading  with  a  stress  ratio  of  -1. 

3.  The  2090-T8E41  aluminum-lithium  alloy  material  exhibited  an  extremely  oblique  crack  surface  profile  in  the  short-crack 
specimens.  This  unusual  behaviour  is  attributed  to  the  highly  textured  microstructure. 

4.  Short-crack  growth  rate  data  for  the  2090-T8E41  aluminum  alloy  correlated  well  with  long-crack  data  using  the  horizontal 
projections  of  crack  lengths  and  Mode  I  stress-intensity  factor  analysis. 

5.  For  ali  materials,  further  study  is  needed  on  the  particular  crack  shapes  that  develop  at  the  crack-initiation  sites  under 
both  constant-  and  variable-amplitude  loading. 

G.  Short-crack  tests  on  the  inverted  FALSTAFF  spectrum,  primarily  a  comprcssion-compicssiuu  load  sequence,  exhibited 
similar  growth  rates  as  FALSTAFF,  primarily  a  tension-tension  load  sequence. 


Analytical  Results 

The  analytical  crack-closure  model,  FASTRAN,  was  applied  only  to  the  2024-T3  aluminum  alloy  and  the  4340  steel 
specimens. 
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1,  For  most  constant-amplitude  loading  (R  -  -2.  -1  and  0),  the  “analytical  crack-closure"  model  predicted  growth  rates 
and  stress-level  effects  like  those  observed  in  tests.  For  R  =  0  5,  the  model  generally  predicted  higher  rates  than  those 
observed  in  tests. 

2,  For  FALSTAFF  and  Inverted  FALSI  A FF  loading,  the  “analytical  crack-closure"  model  predicted  effective  stress  ranges 
consistent  with  experimentally  measured  growth  rates  on  the  202-1-T3  aluminum  alloy  short-crack  specimens. 

3,  For  the  Fehx/28  spectrum,  the  “analytical  crack-ciosurc”  model  predicted  slightly  higher  growth  rates  and  slightly  lower 
fatigue  lives  than  tests  on  <1340  steel  short-crack  specimens. 


7.  NOMENCLATURE 
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one-half  surface-crack  (or  total  comer-crack)  length,  m 
initial  one-half  surface-defect  (or  crack)  length,  in 
full  sheet  thickness,  m 

surface-crack  depth  or  through-crack  length,  m 
initial  surface-defect  (or  crack)  depth,  m 
crack  length  plus  hole  radius,  in 
modulus  of  elasticity,  MPa 
boundary-correction  stress-intensity  factor 
strain-energy  release  rate,  N/m 
one-half  surface-defect  (or  crack)  height,  m 
irregularity  factor  for  Gaussian  sequence 
Mode  I  stress-intensity  factor,  MPa-m1/2 
Mode  II  and  III  stress-intensity  factor,  MPa-m1/2 
mean  stress-intensity  factor  in  flight,  MPa-m1/2 
stress  concentration  factor 

total  length  of  surface  or  corner  crack  along  bore  of  notch,  in 
cycles 

shape  factor  for  surface  or  corner  crack 
stress  ratio  (5„in/5mAX) 
semi-circular  notch  radius,  in 
applied  gross  stress,  MPa 
maximum  applied  gross  stress,  MPa 
mean  stress  in  flight,  MPa 
minimum  applied  gross  stress,  MPa 
crack-opening  stress,  MPa 

one-half  (full)  specimen  thickness  for  surface  crack  (corner  crack),  m 
specimen  width,  m 
Cartesian  coordinates 
constraint  factor 

angle  between  load  axis  and  crack  plane 

stress-intensity  factor  range,  MPa-m1/2 

effective  stress-intensity  factor,  MPa- in1/2 

effective  threshold  stress-intensity  factor  range,  MPa-m1^2 

long-crack  threshold  stress-intensity  factor  range,  MPa-m’/2 

Poisson's  ratio 

length  cf  tensile  plastic  zone,  in 

flow  stress  (average  between  <ry,  and  a„),  MPa 

ultimate  tensile  strength,  MPa 

yield  stress  (0.2  percent  ofTset),  MPa 

normal  stress  acting  in  (/-direction,  MPa 

parametric  angle  of  ellipse 

length  of  cyclic  plastic  zone,  m 
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TABLE  1 

Participants  in  Short-Crack  Cooperative  Test  (Core)  Programme 


Country 

Laboratory 

Participants 

FVance 

Centre  d'Essai?  Aeronaut  uni  e  de  Toulouse 
-  CEAT 

A.  Libel ge 

Germany 

(a) 

Deutsche  Forsclnmgsanstalt  fur  Luft-  mid 
Raumfahrt — DLR 

II  Novvack 

indust rieanlagen  Betriebsgescllschaft 
-  IABG 

J.  Foth 

P.  Iieuler 

Italy 

University  of  Pisa 

G.  Cavallini 

R.  Galatolo 

Netherlands 

Nationaal  Liicht-en  Ruimtevaartlaboratorium 
-  NLR 

R.  J  H.  Wenliill 

L.  Sclira 

Portugal 

Laboratorio  Nacional  de  Eiigenharia  e 

Technologia  Industrial— LNETI 

Centro  de  Mecamca  e  Materials  da 

Universidade  Tccuica  de  Lisboa  -CEMUL 

M.  II.  Carvalho 

M.  de  Freitas 

Sweden 

Aeronautical  Research  Institute— FFA 

A.  F.  Bloni 

Turkey 

Middle  East  Technical  University  -METU 

0.  A.  Ankara 

C  Kayak 

United 

Kingdom 

Royal  Acrosi>aee  Establishment-  RAE 

P.  R.  Edwards 

I)  S.  Lock 

R.  Cook 

United 

States 

Tiie  Johns  Hopkins  University  JHU 

W.  N.  Sharpe 

J.  J.  Lee 

J.  Cicslovvski 

of 

America 

(b.c.d) 

National  Aeronautics  and  Space  Administration 
-  NASA  Langley  Researcli  Center 

M.  II.  Swain 

E.  P.  Phillips 

J.  C  Newman,  Jr 

Air  Force  Wright  Aeronautical  Laboratory— 
AFWAL— FIBEC 

C.  Mazur 

J.  Rudd 

(a)  P.  Hcttlcr,  IABG,  conducted  long-crack  tests  on  core-programme  material  under 
GAUSSIAN  loading. 

(b)  F.  Adams  and  J  M.  Potter,  U.S.  Air  Force  Wright  Aeronautical  Laboratory,  machined 
core-programme'  specimens. 

(c)  E.  P.  Phillips,  NASA  Langley  Research  Center,  conducted  long-crack  tests  on 
core-programme  material  under  constant-amplitude  and  FALSTAFF  loading. 

(d)  W.  N.  Sharpe,  The  Johns  Hopkins  University,  conducted  crack-closure 
measurements  on  short  cracks  (27). 
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TABLE  2 

Laboratory  Test  Matrix  in  Short-Crack  Cooperative  Test  (Core)  Program:::" 


Constant  Amplitude  Loading  *“1 

Spectrum  Loading 

Participant 

/f  =  -2 

-1  0 

0.5 

FALSTAFF  GAUSSIAN 

11  M  L 

II  M  I.  II  M  L  11 

M  I. 

II  XI  L  11  M  L 

prance 

CEAT 

X  X  X 

X  X  X  X  X  X(,’> 

X  X 

Germany 

-DLR 

X 

X  X  X  X  X  X 

Germane 
-IABG  ' 

X  X  X  X  X  X 

X  X  X  X  X  X 

Italy 

-Pisa 

X  X  X  X  X  X  X 

X  X 

X  X 

Netherlands 

-NI.R 

X  X  X 

X  X  X 

Portugal- 

LNETI/CEMUL 

X  X  X 

X  X  X  X  X  X  X 

X  X 

Sweden 

-FFA 

X  X  X 

X  X  X  X  X  X 

XXX 

'I\irkey 

METU 

X  X  X 

X  XX  XX  X  X 

X  X 

United 

Kingdom 

-RAE 

X  X  X 

X  X  X  XXX  X 

X  X 

X  X  X  X  X  X 

USA-JHU 

X  X  X 

X  XX  XX  X  X 

X  X 

USA-NASA 

X  X  X 

XXX  X  X  X  X 

X  X 

X  X  X 

USA-AFWAL 

X  X  X 

X  X  X  X  X  X  X 

X  X 

X  X  X 

'a)  H,  M  and  L  represent  high,  medium  and  low  stress  levels,  respectively 
’b)  Tests  conducted  at  H  -  0.1  for  II,  M  and  L  stress  levels. 


TABLE  3 

Participants  in  Supplemental  Short-Crack  Growth  Programme 


Country 

Laboratory 

Participants 

Germany 

Deutsche  Forschnngsanstalt  fur  Luft-  und 
Raumfahrt— DLR 

II.  Nowack 

K  II.  Trautmann 

J.  Strunck 

Italy 

University  of  Pisa 

A.  Lanciotti 

R.  Galatolo 

Netherlands 

Nationaal  Lucht-en  Ruimtevaartlaboratorium 
-  NLR 

R.  J.  II.  Wanhill 

L.  Schra 

Portugal 

Laboratorio  Nacional  dc  Engenharia  c 

Tcchnologia  Industrial— LNETI 

Centro  de  Mccanica  c  Materials  da 

Universidade  Tccnica  de  Lisboa— CEMUL 

M.  H.  Carvalho 

M.  de  Freitas 

Sweden 

Aeronautical  Research  Institute— FFA 

A.  F.  Blom 

Turkey 

Middle  East  Technical  University— METU 

0,  A.  Ankara 

C.  Kaynak 

United 
Kingdom  ln) 

Royal  Aerospace  Establishment— RAE 

R.  Cook 

D.  S.  Lock 

P.  R.  Edwards 

United 

States 

of 

America 

National  Aeronautics  and  Space  Administration 
-  NASA  Langlev  Research  Center 

M.  11.  Swain 

R.  A  Everett 
i  r  I- 

E  P.  Phillips 

Air  Force  Wright  Aeronautical  Laboratory- 
AFWAL— FiBEC 

C.  Mazur 

J.  Rudd 

(a)  A.  W.  Bowen,  Royal  Aerospace  Establishment,  provided  a  texture  analysis  of  the 
2090-T8E4I  aluminum-lithium  alloy  (sec  Annex). 
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TABLE  -1 

Laboratory  Test  Matrix  in  Supplemental  Short-Crack  Growth  Progra."'  •» 


Material 

Laboratory 

Constant  Amplitude 

FAI. STAFF 

Spectrum  Loading 

FALSTAFF  GAUSSIAN  TWIST  Felix  Fokker 

R  =  -  2 

-1  0  0.5 

(Inverted)  100 

2090-T8E41 

(a) 

USA-AFWAL 

Portugai- 

LNETI/CEMUL 

Swedcn- 

FFA 

USA-NASA 

Germany- 

DLR 

England- 

RAE 

X 

X 

X  X  X 

X  X 

X  X 

X 

X 

X 

X 

2024-T3 

(b) 

Germany- 

DLR 

England- 

RAE 

Sweden- 

FFA 

Nctherlands- 

NLR 

X 

X  X 

X 

X 

7075-T6 

(c) 

Turkcy- 

METU 

USA-NASA 

XXX 

X 

Ti-GA1-4V 

(d) 

Italy- 

Pisa 

X  X 

4340  Steel 
(e,f) 

USA-NASA 

X  X  X 

X 

(g) 

(a)  U.S.  Air  Force  Wright  Aeronautical  Laboratory  provided  the  2090-T8E‘ll  aluminum-lithium 
alloy  material  and  specimens. 

(b)  Core-programme  material  (191  provided  by  NASA  Langley  Research  Center  and  specimens 
machined  by  U.S.  Air  Force  Wright  Aeronautical  Laboratory. 

Ic)  NASA  Langley  Research  Center  provided  the  7075-T6  aluminum  alloy  material  and  specimens 

d)  University  of  Pisa  provided  the  Ti-6Al-lV  titanium  alloy  material  and  specimens 

e)  NASA  Langley  Research  Center  provided  the  4340  steel  material  and  specimens 

f)  R.  Wanhill,  Nationaal  Lucht-en  Ruimtevaartlaboratorium,  conducted  long-crack  tests  on 
4340  steel  {R  =  -1,  0.1  and  0.5). 

(g)  Felix/28,  a  shortened  version  of  Felix  (30],  was  used  on  the  steel  specimens. 


TABLE  5 

Nominal  Chemical  Composition  of  Materials  in  Supplemental  Test  Programme 


Element 

2024-T3  (a) 

7075-T6 

2090-T8E41 

Ti-6A1-4V 

4340  Steel 

Silicon 

.16 

.07 

.10 

. 

.27 

Iron 

.33 

.22 

.12 

.3 

Balance 

Copper 

4.61 

1.5S 

3.00 

.11 

Manganese 

.57 

.16 

.05 

.69 

Magnesium 

1.51 

2.56 

.25 

- 

Chromium 

.02 

.24 

.05 

.79 

Zinc 

.06 

5.68 

.10 

. 

Aluminum 

Balance 

Balance 

Balance 

6 

.007 

Titanium 

. 

.07 

.15 

Balance 

. 

Lithium 

. 

2.60 

. 

- 

Zirconium 

.10 

. 

- 

Carbon 

. 

.1 

.39 

Vanadium 

. 

4 

.39 

Nickel 

. 

. 

1.75 

Molybdenum 

- 

- 

.25 

(a)  Core-programme  material  (19). 

A 

TABLE  6 

lie  Properties  of  Materials  in  Supplemental  Test  Programme 

Material 

Thickness 

B,  mm 

Ultimate 

tensile 

strength, 

MPa 

Yield  stress 
(0.2-perccnt 
offset), 

MPa 

Modulus  of 
elasticity, 
MPa 

Elongation 
(51-mm  gage 
length), 
percent 

2024-T3  (a) 

2.3 

495 

355 

72,000 

21 

7075-T6 

2.3 

575 

520 

70,000 

12 

2090-T8E41 

2.15 

580 

525 

78,200 

5 

Ti-6A1-4V 

1.5 

970 

920 

115,000 

8.5 

4340  Steel 

5.1 

1500 

1410 

190,000 

7.5 

(a)  Core-programme  material  [19], 


GUIDE  PLATE 


SPECIMEN 


<b>  Inverted  FALSTAFF 


da^dN  (mn/cycle) 


Figure  19.-  Photos  showing  initiation  sites  (I)  and  fatigue  failure  profiles  at 
notch  root  for  2090-T8E4)  aluminum-lithium  alloy  with  (a)  overall 
slant  fracture  and  (b)  multi-slant  fracture  leading  to  "V"-shape 
crack-surface  profile. 


Range  of  stress  intensity 
factor  AK  (MPa -yin) 


Figure  20.-  Comparison  of  short-crack  growth  rates  under  constant-amplitude 
loading  for  2090-T8E4 1  aluminum-lithium  alloy  using  Mode  I  and 
mixed-mode  (I  and  1!)  stress-intensity  factor  formulations. 
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Range  of  stress  intensity 
factor  AK  (MPa-/m) 


Figure  21.-  Comparison  of  short-crack  growth  rates  under  constant-amplitude 
loading  for  2090-T8E41  aluminum-lithium  alloy  using  two  different 
equations  for  predicting  surface-  or  corner-crack  depth,  c. 


Figure  22.-  Schematic  of  fatigue  failure  surface  for  2090-T8E41  aluminum-lithium 

alloy  showing  various  crack-length  and  thickness  measurements.  | 


HW»'v 


Crack  rate  da/dN  (mm/cycle) 


Model  prediction  C  1  9  J 


Crack  rate  da'dN  (mm/cycle)  “  Crack  rate  da^dN  (mm/cycle) 


.025  mm 


.025  mm 


(a) 


<b> 


figure  29.-  Typical  crack-initiation  sites  for  4340  steel  SENT  specimens 
showing  (a)  spherical  calcium-aluminate  inclusion  particle  and 
(b)  manganese-sulfide  stringer  site. 


Range  of  stress  intensity 
f  actor  AK  (MPa ■ Jm ) 


Figure  30.-  Comparison  of  short-  and  long-crack  growth  rates  under  constant- 
amplitude  loading  (R  ■>  -1)  for  AISI  4340  steel. 
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ABSTRACT 

The  United  States  Air  Force  developed  two  primary  sets  of  design  requirements  to 
ensure  the  structural  integrity  of  aircraft:  damage  tolerance  and  durability.  The 
purposes  of  these  design  requirements  are  to  ensure  structural  safety  and  preclude  the 
occurrence  of  expensive  maintenance  and  repair  costs,  respectively.  These  requirements 
are  generally  satisfied  through  the  use  of  linear  elastic  fracture  mechanics  and  crack 
growth  rate  data  experimentally  generated  for  long  crocks.  Recently,  various 
investigators  have  indicated  that  short  cracks  may  grow  significantly  faster  than  long 
cracks  for  the  same  crack-driving  force.  The  end  result  may  be  unconse rvaC i ve  life 
predictions  when  situations  arise  where  short  crack  lengths  are  included  in  the 
analysis.  To  accurately  predict  the  growth  of  these  short  cracks,  the  short  crack 
phenomenon  must  be  understood. 

The  objective  of  this  paper  is  to  describe  the  work  of  Che  Flight  Dynamics 
Laboratory  as  a  participating  agency  in  the  AGARD  Supplemental  Test  Program  on  Short 
Cracks.  The  manufacturing  and  testing  of  2090-T8E41  ,.luminum-l ithiun  short  and  long 
crack  specimens  were  performed  under  this  effort.  Constant  amplitude  and  spectrum 
fatigue  tests  were  conducted  at  various  stress  ratios  and  stress  levels.  The  short  and 
long  crack  results  weie  compared  to  verify  the  existence  of  any  short  crack  effect.  As 
a  result  of  the  unusual  fracture  patterns  in  the  aluminum- lithium  short  crack  tests,  an 
analytical  approach  considering  combined  Mode  I  and  Mode  II  type  fracture  was  considered 
and  compared  to  the  standard  Mode  I  analysis  used  in  the  previous  AGARD  Core  Test 
Program. 


1  .  INTRODUCTION 

Recently,  a  number  of  investigators  (1-8)  have  reported  that  small/short  fatigue 

cracks  propagate  at  rates  significantly  faster  than  long  cracks  subjected  to  an 

equivalent  crack-driving  force.  In  addition,  these  short  cracks  have  been  observed 
growing  under  conditions  that  are  well  below  the  threshold  stress  intensity  factor 

estimated  using  current  techniques  (Fig.  1).  This  dissimilar  behavior  between  long  and 

short  cracks  has  been  attributed  to  a  number  of  factors  Including  crack  closure  (1,2), 
plasticity  effects,  microstructural  interactions,  violations  of  the  continuum 
assumptions  of  solid  mechanics,  and  violations  of  linear  elastic  fracture  mechanics 
( LEFM)  principals  (3). 

Investigators  of  these  phenomena  define  short  cracks  in  various  ways.  Three  of  the 
more  common  definitions  arc  (3): 

a.  Cracks  having  lengths  less  than  the  dimension  of  the  microstructure  (grain 
size),  typically  on  the  order  of  .001  mm  -  0.05mm  (0.00004  Inch  -  0.002  inch). 

b.  Cracks  having  lengths  less  than  the  plastic  zone  size,  typically  0.01mm  -  1mm 
(0.0004  inch  -  0.04  inch). 

c.  Cracks  having  lengths  which  are  phys  cally  small,,  typically  0.5mm  -  lmn  (0.02 
inch  -  0.04  inch). 

The  first  and  second  definitions  result  in  a  violation  of  the  assumptions  of  continuum 
mechanics  and  LEFM,  respectively.  In  the  third  definition,  a  physically  short  crock  is 
long  in  terms  of  the  continuum  mechanics  and  LEFM  definitions;  however,  it  too  behaves 
differently  from  long  cracks  for  the  same  crack  driving  force.  As  one  can  imagine,  the 
existence  of  the  short  crack  effect  is  embroiled  in  controversy.  However,  one  thing 
appears  certain;  the  current  analysis  procedures  for  predicting  the  growth  behavior  of 
physically  small  cracks  are  inadequate. 

The  United  States  Air  Force  developed  two  primary  sets  of  design  requirements  to 
ensure  the  integrity  of  aircraft  structures:  damage  tolerance  and  durability  1 9 ) .  The 
purposes  of  the  damage  tolerance  and  durability  design  requirements  are  to  ensure 
Structural  safety  and  to  preclude  the  outuuuiicu  of  expensive  malnt engine  «fld  repair 
costs,  respectively.  The  damage  tolerance  design  requirements  include  the  assumption  of 
the  existence  of  initial  fatigue  cracks  in  the  most  critical  locations  of  the  structure 
from  day  one.  The  sizes  of  these  initial  cracks  are  based  on  NDI  capability.  For  close 
tolerance  fasteners  this  initial  primary  damage  size  is  assumed  to  be  1.27  mm  (0.05 
inch).  However,  if  life  enhancement  fastener  systems  arc  present  (e.g.,  interference- 
fit  fasteners,  cold-worked  holes,  etc.),  a  smaller  initial  primary  damage  size  of  0.127 
mm  (0.005  inch)  is  assumed.  Also,  locations  adjacent  to  the  primary  damage  are  assumed 
to  have  initial  0.127  mm  (0.005  inch)  cracks  for  both  clearance-fit  and  life  enhancement 
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fastener  systems.  Damage  tolerance  analyses  are  performed  to  predict  when  these  initial 
flaws  will  reach  a  critical  size.  For  the  above  mentioned  sizes  it  can  be  seen  that  the 
"short  crack  effect"  could  significantly  affect  the  damage  tolerance  lives  predicted  in 
aircraft  design,  schematically  illustrated  in  Figure  2. 

The  most  commonly  used  practice  in  Air  Force  durability  design  today  is  to  assume 
the  existence  of  an  initial  fatigue  crack  representative  of  the  initial  fatigue  quality 
of  the  structure.  The  initial  quality  is  a  function  of  the  material  selected  and  the 
manufacturing  and  assembly  techniques  used.  The  initial  flaw  size  normally  assumed  is 
0.254  mm  (0.01  inch).  Durability  analyses  are  performed  to  predict  when  this  initial 
flaw  will  reach  the  functional  impairment  crack  size,  af  .  Commonly  used  definitions  of 
functional  impairment  are  fuel  leakage  and  ligament  breakage.  Again,  Figure  2 
schematically  illustrates  that  the  "short  crack  effect"  could  significantly  affect  the 
durability  lives  predicted  for  aircraft  structure.  Recent  work  has  been  performed  to 
improve  durability  design  by  more  realistically  representing  the  initial  fatigue  quality 
of  the  structure  with  a  distribution  of  initial  flaw  sizes  rather  than  a  single  flaw 
size  (10).  The  short  crack  effect  should  be  accounted  for  in  the  determination  of  this 
distribution  of  initial  flaw  sizes.  In  addition  to  airframes,  the  short  crack  effect  is 
also  important  in  the  design  of  aircraft  engine  components,  where  critical  crack  lengths 
may  be  similar  to  those  of  short  cracks.  Thus,  researchers  are  devoting  much  time  and 
resources  to  understand  and  predict  the  behavior  of  short  cracks. 

This  paper  describes  short  and  long  crack  growth  rate  tests  on  2090-T8E41  alunlnuu- 
lithiura  by  the  Flight  Dynamics  Laboratory  in  an  attempt  to  validate  the  existence  of  the 
short  crack  effect  and  develop  a  short  crack  data  base.  Fatigue  tests  were  conducted 
on  single-edge-notch  tension  specimens  under  constant  and  variable  amplitude  load 
conditions.  Long  crack  tests  were  conducted  on  center-crack-tension  specimens  under 
similar  loading  conditions  for  comparison  with  the  short  crack  results.  This  program  is 
the  Flight  Dynamics  Laboratory's  contribution  to  an  AGARD  (Advisory  Group  for  Aerospace 
Research  and  Development)  Cooperative  Supplemental  Test  Program  on  Short  Cracks. 


2.  TEST  PROGRAM 

The  test  program  involved  eingle-edge-notch  tension  (SENT)  specimens  made  of  2090- 
T8E4I  aluminum-lithium  sheet.  The  SENT  specimen  geometry  is  depicted  in  Figure  3.  This 
specimen  geometry  was  chosen  because  it  allows  the  generation  and  measurement  of 
naturally  occurring  cracks  similar  to  those  that  would  occur  in  bolt  holes  of  aircraft 
structures.  The  stress  conccntrat ion  factor  for  this  specimen  geometry  is  3.17,  based 
on  gross  section  stress. 

The  2090  specimens  were  produced  from  a  single  sheet  of  2.3  ram  thick  ALCOA 
material.  Since  this  Is  a  new  material,  very  little  baseline  crack  growth  rate  data  arc 
available.  Thus,  long  crack  growth  rate  tests  were  conducted  on  cent e r-crack-tcns ion 
(CCT)  specimens  (Figure  4)  as  a  parallel  effort  for  comparison  with  the  short  crack 
results.  These  CCT  specimens  were  produced  from  the  same  sheet  of  2090  material  as  the 
SENT  specimens.  This  should  eliminate  any  rjanu'  urlng  variability  due  to  different 
batches  of  material.  Baseline  mechanical  pr  'rtles  and  the  nominal  chemical 
composition  are  presented  in  Tables  1  and  2,  respectively.  Note  the  low  plane  stress 
fracture  toughness  in  Table  1  (brittle  material).  This  is  a  result  of  the  material  heat 
treatment  (T8E41)  and  is  probably  the  cause  of  much  of  the  difficulties  in  the  short 
crack  testing,  as  will  be  mentioned. 

CCT  and  SENT  specimen  blanks  were  sheared  f rota  the  sheets  of  material  to  a  size 
larger  than  the  final  specimen  dimensions.  The  long  dimension  of  the  specimens  was 
parallel  to  the  rolling  direction  of  the  material.  Each  specimen  blank  was  milled  to 
its  final  dimensions  and  engraved  with  a  code  number  giving  its  location  in  the  sheet 
(Fig.  5).  The  notch  was  then  milled  into  the  SENT  specimen  blanks  with  final  milling 
cuts  of  0.25,  0.1,  and  0.05  ram  using  newly  sharpened  tools.  The  final  radius  of  the 
notch  was  3.18  mo  (0.125  inch)  (Fig.  3).  A  wire  EDM  (Electric  Discharge  Machine)  was 
used  on  the  CCT  specimens  to  Induce  the  flaws  (Fig.  4).  Great  care  was  taken  in  the 
milling  of  the  specimens  to  minimize  residual  stresses.  Once  machining  operations  were 
complete  the  specimen  surfaces  were  deburred  and  polished.  Chemical  polishing  of  the 
SENT  specimens  was  performed  at  NASA  Langley  Research  Center.  The  chemical  polishing 
was  necessary  to  smooth  machining  marks  and  debur  the  edges  of  the  notches  to  prevent 
premature  crack  initiation  caused  by  defects  in  those  locations.  The  polishing  also 
provided  additional  assurance  that  no  significant  residual  stresses  remained  in  the 
notch  vicinity.  The  specimens  were  chemically  polished  in  a  solution  of  80%  phosphoric 
acid,  5%  nitric  acid,  5%  acetic  acid,  and  10%  water  by  volume.  The  polishing  cycle 
was  five  (5)  minutes  at  105°C.  This  resulted  in  the  removal  of  about  0.02  mm  (0.0008 
inch)  of  material  from  the  specimens.  The  specimens  were  then  individually  wrapped  and 
distributed  to  various  participants  in  the  AGARD  effort. 

The  SENT  s pc Cut- no  Were  UdUu  by  the  Flight  Dynamics  Laboratory  using  a  servo- 
hydraulic  MTS  testing  machine.  The  machine  used  MTS  hydraulic  grips  lined  with  plastic 
spacers  between  the  grip  jaws  and  the  specimen.  These  spacers  were  used  to  prevent 
fracture  of  the  specimen  in  the  grip  area.  An  anti-buckling  guide  plates  was  used  on 
all  specimens  to  limit  out-of-planc  displacements  of  the  specimen  when  compression  loads 
were  applied  (Fig.  6).  Load  monitoring  and  load  sequencing  were  accomplished  using  a 
computerized  data  acquisition  system.  The  accuracy  of  the  load  system  was  +  1%  of  the 
intended  load.  All  tests  were  conducted  at  a  frequency  of  seven  (7)  Hertz  under  room 
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temperature  laboratory  air  conditions. 

Prior  to  any  short  crack  testing,  an  alignment  check  was  performed  on  the  test 
machine  and  grips  to  ensure  a  uniform  stress  field  throughout  the  cross-section  of  the 
SENT  specimens.  Both  bending  (lateral  and  torsional)  and  tensile  misalignments  were 
considered.  The  grips  were  shimmed  to  meet  target  tolerances.  A  description  of  the 
procedure  and  results  of  the  alignment  tests  are  documented  in  Reference  11. 

Long  crock  tests  were  also  conducted  in  a  servo-hydraulic  MTS  test  machine.  These 
tests  were  conducted  in  accordance  with  ASTM  Standard  E647  ,  "Test  Method  for  Constant- 
Load  Amplitude  Fatigue  Crack  Growth  Rates  Above  IOE-8  m/cycle”  (12).  Long  crack  growth 
measurements  were  visually  monitored  using  a  scale  mounted  on  the  test  specimen.  A 
sufficient  number  of  readings  were  recorded  to  obtain  a  representation  of  the  crack 
growth  rate  curve.  The  variable  amplitude  tests,  although  not  covered  by  this  ASTM 
Standard,  were  conducted  ir.  a  similar  manner.  Load-shedding  tests  were  also  conducted 
to  obtain  threshold  stress  intensity  values. 

A  wide  range  of  loading  conditions  were  applied  in  the  short  and  long  crack 
testing.  Fatigue  testing  included  three  (3)  constant  amplitude  loading  conditions  (R  D 
0,  -1,  -2)  and  one  variable  amplitude  loading  spectrum  (FALSTAFF)  (13).  The  inclusion  of 
compression  loading  in  the  constant  amplitude  test  matrix  was  a  result  of  expectations 
that  the  short  crack  effect  would  be  more  predominant  under  those  conditions  owing  to 
crack  closure  effects.  The  FALSTAFF  spectrum  (Fighter  Aircraft  Loading  STAndard  For 
Fatigue)  is  a  general  European  test  spectrum  for  fighter  aircraft  lower  wing  skins 
covering  * \  host  of  mission  scenarios  including  taxiing  (compression  loading):  FALSTAFF 
Is  however  tension-dominated. 

The  plastic  replica  method  was  used  to  document  the  short  crack  growth  in  the  notch 
of  the  SENT  specimen.  A  detailed  description  of  the  procedure  used  to  take  a  replica  is 
presented  in  Reference  11.  Replicas  were  taken  at  selected  intervals  throughout  the 
fatigue  test  so  that  sufficient  readings  could  be  obtained  before  the  crack  propagated 
through  the  thickness  of  *:he  specimen.  To  obtain  a  replica  at  each  interval  the  cycling 
was  stopped  at  zero  load.  The  specimen  was  then  manually  loaded  to  80 Z  of  the  maximum 
applied  tensile  load  for  constant  amplitude  tests  and  to  100%  of  the  load  level  number 
22  in  the  FALSTAFF  spectrum.  The  replica  was  then  made  and  cycling  resumed  for  the  next 
interval.  All  necessary  data  were  recorded  on  the  replicas  for  later  analysis.  Once 
the  crack  grew  through  the  specimen  thickness,  the  specimen  was  fractured  to  reveal  the 
crack  shape  for  comparison  with  the  assumed  shape.  The  replicas  were  then  examined 
under  a  microscope  with  magnifications  of  60-600X.  A  scale  in  the  eyepiece  of  the 
microscope  allowed  crack  measurements  with  a  maximum  resolution  of  0.001  mm  at  the 
highest  magnification.  Each  crack  was  first  detected  and  measured  at  low  magnifications 
and  followed  through  consecutive  replicas  until  it  joined  another  crack  and/or 
propagated  through  the  thickness.  Higher  magnifications  wete  subsequently  used  on 
earlier  replicas  to  track  the  cracks  back  to  their  origins  (usually  inclusion  particles) 
or  as  far  as  possible. 


3.  ANALYSIS 


As  a  result  of  the  unusual  crack  growth  at  acute  angles  with  respect  to  the  loading 
direction  in  the  short  crack  tests,  the  data  were  analyzed  using  two  approaches.  The 
first  approach  was  the  standard  Mode  T  type  crack  growth  analysis  where  the  horizontal 
projection  of  the  cracks  on  to  a  plane  normal  to  the  specimen  loading  direction  were 
measured  for  use  in  the  crack  growth  rate  and  stress  intensity  factor  calculations  (Fig. 
7a).  The  second  approach  was  a  combined  Mode  I/Mode  II  approach  where  the  actual  crack 
lengths  are  used  in  the  analysis  (Fig.  7b). 

For  the  standard  Mode  I  approach,  two  possible  cases  were  considered  for  the 
calculation  of  the  stress  intensity  factor  (14).  The  first  was  a  semi -e 1 li pt leal 
surface  crack  located  In  the  center  area  of  the  notch.  The  second  was  a  quarter- 
elliptical  crack  located  at  an  edge  of  the  notch.  Figure  8  shows  the  pertinent 
dimensions  for  the  two  crack  types.  The  crack  depth  was  calculated  from  the  following 
eqrtatlor  for  both  types  of  cracks, 

a/c  =  0.9  -  0.25(a/t)2  1 

where  i,  c  and  t  arc  defined  in  Figure  8.  This  equation  was  verified  by  a  comparison 
with  the  ^xperiwental  data  generated  In  the  AGARD  core  test  program  (2024-T351  material) 
to  ensure  t<V:  it  is  a  close  r  e  present  a  tiou  of  the  actual  ''.rack  shape.  This  was 
accomplished  by  fracturing  the  SENT  specimens  after  each  fatigue  test  and  observing  the 
shape  of  the  crack. 

The  s tress-intens it/  i'ci%r  tange  equation  for  a  surface  crack  located  at  the  center 
of  the  notch  Is  (14), 

4K  =  iSO.Ua/Q^r  2 

5N 

and  for  a  corner  crack, 


AK  =  ASO.Ma/Q)^ 


3 
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for 

0.2  <  a/c  <  2  and  a/t 

<  i. 

where 

FCI!  = 

FsnU.13  -  0.09a/c) 

for  a/c  <  1 

4 

FCH  = 

F^U.OO  +  0.04c/a) 

for  a/c  >  1 

5 

The 

stress  range  (AS)  is 

the 

difference  between  the  maximum 

and  minimum  stresses 

(Sn>ax  -  S  applied  for  constant  amplitude  and  spectrum  loadings.  Equations  for  the 

shape  Factor  (Q)  and  the  boundary  correction  factor  (  Fgn  )  may  be  obtained  from 
Reference  14.  ° 

The  crack  growth  rate  (da/dN)  was  calculated  for  constant  amplitude  and  spectrum 
loading  using  the  secant  method, 

a2  '  al 

da/dH  =  Aa/AH  =  i-fl—  6 

The  corresponding  stress-intensity  factor  range  (A K)  was  calculated  at  an  average  crack 
length,  a 

a  *  (aj  +  a2)/2  7 

For  the  combined  Mode  1/Mode  11  approach,  the  calculation  of  the  stress  intensity 
factor  was  formulated  for  the  problem  of  uniaxial  extension  of  an  inclined  crack  in  an 
infinite  plate  (Fig.  7b)  (15).  The  equations  describing  the  stress  intensity  factor  for 
the  Mode  I  and  Mode  II  solutions  are, 

K,  =  S  sin26(Tta)’5  8 

and , 

Kjj  =  S  singcosB(Tra)^  9 


Using  the  Strain 


one  can  obtain 
case , 


Energy  Release  Rate, 
K  ^ 

G  *  -llilL 


G,  +  G,, 


2IL 

£ 


an  equivalent  stress  intensity  factor  for  the  combined  Mode 


Kj  ji  =  S  sin${TT3)^ 


I/Mode 


10 

II 

11 


Accounting  for  the  various  geometry  differences  between  the  solution  for  an  infinite 
plate  and  the  SENT  type  cinck  growth  specimen,  the  following  equivalent  stress 
Intensity  factors  are  obtained  for  cracking  at  an  angle  in  a  SENT  type  specimen 
geomet  ry : 

surface  crack  AKj  jj  s  AS  sinB(3.l4a/Q)^F<^  12 


corner  crack  AKj  jj  =  AS  $in8(3.  Ma/QPF^  13 

Correction  factors,  shape  factors  and  the  stress  range  for  the  above  equations  are 
essentially  the  same  as  in  the  Mode  I  case  except  chat  the  actual  crack  length  should  be 
used  rather  than  the  horizontal  projection.  It  should  be  noted  that  to  satisfy  the 
equations  for  the  edge  effects  and  correction  factors,  the  a/t  ratio  should  be  obtained 
using  the  horizontal  projection  of  the  crack  so  that  the  ratio  does  not  exceed  one.  The 
crack  extension  (da/dN)  Is  calculated  using  the  actual  crack  length  in  the  same  manner 
as  In  Equation  6. 


4.  RESULTS  AND  DISCUSSION 

Prior  to  conducting  short  crack  tests,  S-N  curves  were  generated  for  the  various 
constant  amplitude  test  conditions  proposed  (Fig.  9)  (R  *  0,5,  0,  -l,  and  -2).  The  SENT 
type  specimens  were  placed  in  the  fatigue  test  machine  and  cycled  to  failure  at  various 
stress  levels  to  generate  this  data  base.  This  was  accomplished  to  gain  insight  Into 
what  stress  levels  to  use  for  the  short  crack  tests  so  that  they  could  be  completed  in  a 
reasonable  length  of  time.  Because  of  a  slight  variability  in  these  data  and  the  high 
slopes,  conservative  stress  levels  and  replica  intervals  were  chosen  for  the  initial 
short  crack  testing.  As  a  result  of  this  conserv.il  ism,  it  was  not  uncommon  to  take  ISO 
replicas  during  a  single  short  crack  r**«r.  rtf  replies,  rusi.  contained  no  cra-*B 
and  Ihu »  were  not  used. 

Long  and  short  crack  tests  were  conducted  under  constant  amplitude  (R*  0,  -1,  “2) 
and  spectrum  (PALSTAFF)  loadings.  Subject  to  specimen  availability  and  test  duration, 
multiple  specimens  at  different  stress  levels  wore  tested  for  each  of  the  above 
conditions.  Table  3  shows  that  this  was  not  always  possible.  Cracks  on  the  order  of 
0.01  mm  (0.0004  inch)  were  detected  and  tracked  in  the  test  program  using  the  replica 
method.  Figure  10  (a  through  d),  Figure  II  (a  though  d)  and  Figure  12  (a  through  d) 
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graphically  present  the  resulting  crack  growth  rate  data  for  the  long  crack,  short  crack 
(Mode  I  analysis)  and  short  crack  (Mode  I/Mode  II  analysis),  respectively. 

The  various  plots  in  Figure  10  (a  thru  d)  represent  all  the  long  crack  data 
generated  to  date  for  the  2090-T8E41  aluminum-  lithium  specimens.  The  solid  lines  on 
the  plots  represent  visual  fits  to  the  data.  These  lines  are  used  in  Figures  11  and  12 
for  comparison  with  the  short  crack  data.  The  long  crack  test  results  for  the  OCT 
specimens  are  typical  of  common  aluminum  materials.  There  was  little  observed  out-of- 
plane  emek  growth  and  the  material  responded  favorably  to  the  various  loading 
conditions.  One  observation  worth  noting  was  that  at  positive  stress  ratios  it  was  very 
difficult  to  get  a  crack  started.  However,  it  appears  that  this  material  Is  very 
sensitive  to  compression  loading  which  results  in  immediate  crack  initiation  and  growth. 

The  short  crack  test  data  for  the  2090  aluminum-1 ithiun  specimens  were  very 
difficult  to  generate  as  compared  to  the  previous  2024  aluminum  AGARD  Core  Test  Program. 
This  aluminum-1 ithiun  material's  resistance  to  crack  initiation  and  subsequent  fast 
cracK  growth  resulted  in  great  difficulty  in  obtaining  an  acceptable  number  of  crack 
growth  measurements  during  each  test.  More  importantly,  in  the  short  crack  test 
program,  the  cracks  grew  at  an  angle  in  the  SENT  specimens.  Every  crack  observed  during 
the  constant  amplitude  short  crack  tests  grew  continuously  or  in  a  zig-zag  pattern 
across  the  specimen  at  60+5  degrees  with  respect  to  a  plane  normal  to  the  specimen 
loading  direction  (Fig.  13).  This  high  angle  indicates  that  the  crack  growth  occurred 
mostly  in  shear.  This  high  angle  also  made  it  difficult  to  determine  the  crack  shape 
for  comparison  with  the  assumed  shape  and  to  detect  any  possible  tunneling  problems. 
Fig.  14  illustrates  examples  of  the  fracture  surfaces  for  various  specimens.  As  can  be 
seen  in  Figure  14a,  the  crack  shape  is  distingu  -liable;  however,  the  more  common 
occurrences  are  represented  by  Figures  14b  and  c,  which  do  not  reveal  a  crack  shape. 
With  a  little  imagination,  one  might  argue  that  the  cracks  in  Figures  14  b  and  c  were 
actually  tunneling.  It  was  also  noted  that  while  testing  at  R  *  -2  the  cracks  were 
always  corner  cracks  regardless  of  the  stress  level.  This  may  be  the  result  of 
buckling  during  the  tests.  The  an C i -buck  1 i ng  guide  was  designed  to  allow  minimal 
specimen  freedom  (some  buckling)  so  as  to  reduce  ant t -buckl i ng  guide  interference  with 
the  specimen  being  tested. 

Results  of  the  short  crack  data  analyzed  using  a  Mode  I  approach  are  plotted  in 
Figures  11  a  thru  d.  Figures  11a,  b,  Ac  represent  the  R  -  0,  -1  and  -2  results, 
respectively.  The  solid  lines  on  these  plots  are  long  crack  data  and  the  dashed  linos 
represent  a  fit  of  the  short  crack  data  using  a  Paris  type  equation  of  the  form, 

da/dN  =  C(4K)n  14 

The  empirical  constants  C  and  n  were  determined  using  a  linear  regression  analysis.  For 
Mode  I  short  crack  data,  these  constants  are  C  «  1.2588E-10  and  n  «  2.8169  for  R  “  0, 

C  «  7.6116E-10  and  n  -  2.4916  for  R  ’  -1,  and  C  -  3.811 0E- 1 0  and  n  ~  2.6261  tor  R  «  -2. 
The  results  of  the  FAI.STAFF  spectrum  tests  arc  presented  in  Figure  lid.  The  solid  line 
represents  long  crack  data  and  the  dashed  line  is  a  visual  fit  to  the  short  crack  data. 

The  short  crack  d.  la  analysed  using  a  combined  Mode  I/Mode  II  approach  are  plotted 
in  Figures  12  a  thru  d.  Figures  12  a  thru  c  represent  the  R  ■  0,  -1  and  -2  results, 
respectively.  The  solid  lines  represent  the  long  crack  data  and  dashed  lines  represent 
a  fit  to  the  short  crack  data  using  a  Paris  type  equation  as  described  above.  The  Paris 
constants  are  C  «  6.4203E-10  and  n  •  2.8751  for  R  «  0,  C  ■  3.3846E-10  and  n  »  2.5540 
for  R  -  -1,  and  C  -  2.0992F.-10  and  n  -  2.6169  for  R  «  -2.  The  results  for  the  FALSTAFF 
spectrum  arc  presented  in  Figure  12(d),  where  the  dashed  lihc  represents  a  visual  fit  to 
the  short  crack  data. 

As  can  easily  be  seen  by  comparing  Figures  11  and  12,  the  combined  Mode  I/Modc  II 
approach  tends  to  increase  the  stress  Intensity  factor  for  a  given  crack  growth  rate. 
The  result  is  a  more  pronounced  short  crack  effect.  One  problem  with  th*»  combined  Mode 
I/Mode  II  appioach  is  that  the  data  no  longer  tend  to  coalesce  with  the  long  crack  data. 
This  Implies  that  the  stress  intensity  solution  used  for  the  combined  Mode  1/Mode  II 
approach  may  not  be  accurate  or  that  the  short  crack  data  can  no  longer  be  compared  to 
the  long  crack  data  (Mode  I  da.a).  The  inaccuracy  in  the  combined  Mode  I/Mode  II  data 
may  be  in  the  crack  shape  or  in  accounting  for  the  edge  effects.  Although  the  combined 
Mode  I /Mode  II  approach  appears  to  be  more  appropriate  for  these  short  crack  data, 
additional  analyses  arc  needed  to  Improve  the  fit  for  larger  cracks.  For  simplicity,  it 
would  be  best  to  use  the  Mode  I  short  crack  results. 

In  general,  independent  of  The  analysis  chosen  the  test  results  indicate  that  the 
short  crack  effect  does  exist  In  2090  aluminum-lithium  when  I.EFh  is  used  to  analyze  the 
crack  growth  rates,  especially  for  the  negative  R-ratlo  tests.  The  effect  also  appears 
to  be  independent  of  the  test  conditions  (i.c.  constant  amplitude  or  spectrum  loading). 
A»  previously  mentioned,  there  wn®  diiiiculty  obtaining  short  crack  data  for  this 
material.  This  was  a  result  of  the  itamlnur  lithium's  variability  in  crack  initiation 
time  (Fig  15)  followed  by  poor  crack  growth  properties,  which  In  turn  may  be  attributed 
to  the  material  temp  r.  An  example  of  this  variability  was  a  crack  which  initiated  and 
failed  .i  specimen  in  300,000  cycle*,  while  the  following  test  using  the  same  test 
conditions  resulted  in  a  life  to  f-ilurc  of  2,500,000  cycles.  No  defects  were  observed 
on  either  specimen  prior  to  tcsLing.  Two  explanations  for  this  inconsistency  arc  that  a 
possible  defect  existed  In  the  one  specimen  beneath  the  surface,  where  it  was 
nonvisible,  or  there  were  residual  stresses  in  the  other  specimen  from  improper 
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machining  and  polishing  procedures.  Most  of  the  variability  in  the  aluminum-lithium  was 
observed  for  positive  stress  ratios  at  low  stress  levels.  Any  compression  loading 
generally  caused  cracks  to  initiate  quickly  and  consistently.  One  simplifying  aspect  of 
the  alurainura-lithium  short  crack  tests  was  that,  independent  of  the  stress  level,  it  was 
unusual  for  multiple  cracks  to  initiate  and  propagate  in  each  specimen. 

There  was  considerably  less  scatter  observed  in  the  2090  alurainum-l l thiura  short 
cracks  data  than  expected.  Much  of  the  scatter  that  was  present  can  be  attributed  to 
errors  in  the  calculation  of  the  stress  intensity  factor,  AK.  The  shape  of  the  cracks 
growing  in  the  specimen  is  assumed  to  be  elliptical,  based  on  experimental  data. 
However,  a  physically  small  newly  Initiated  crack  may  not  establish  that  assumed  shape 
for  a  period  of  time. 


5.  CONCLUSIONS 


Short  crack  tests  were  performed  for  constant  amplitude  and  spectrum  loading  on 
2090-T8E41  aluminum-lithium.  The  constant  amplitude  tests  were  conducted  for  stress 
ratios  of  0,  -1,  and  -2,  while  the  spectrum  tests  Involved  FALSTAFF.  The  replicate 
technique  used  to  monitor  the  growth  of  the  short  cracks  proved  to  be  adequate  for  the 
test  conditions.  Cracks  on  the  order  of  0.01  mm  (0.0004  inch)  w^re  measured  during  this 
test  program.  One  major  problem  encountered  was  too  much  varia  ility  in  the  initiation 
and  growth  time  of  the  short  cracks,  resulting  in  many  useless  but  necessary  replicas 
taken  to  ensure  that  sufficiently  small  tracks  would  be  measured.  The  short  crack  data 
were  analysed  using  Mode  I  and  combined  Mode  I/Mode  II  approaches.  They  were  then 
correlated  with  long  crack  data  generated  using  standard  ASTM  test  procedures.  This 
correlation  indicates  that  the  “short  crack  effect"  does  exist  when  th.*  short  crack  data 
3re  analyzed  using  current  LEFM  methods,'  particularly  for  the  negative  R-ratios  tested. 
The  effect  is  also  evident  when  the  FALSTAFF  spectrum  is  applied.  Overall,  the  program 
successfully  demonstrated  the  existence  of  the  "short  crack  effect"  and  provides  a 
necessary  database  to  develop  new  analysis  tools  capable  of  accounting  for  this  effect. 
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tests  from  which  this  paper  is  derived. 

Table  1  8aseline  Mechanical  Properties  for 
2090-T8E41. 


Ultimate  Tensile 
Strength 

580  MPa 

Yield  Stress 

0.2%  Offset 

525  MPa 

Pe  reent 

Elongation 

5 

fracture  ** 

Toughness 

22  MPa^E" 

**  For  2.3  run  thick  material. 


Table  2  Chemical  Composition  of  2090-T8E41. 


Element 

Pe  reent 
Volume 

Silicon 

0.10 

Iron 

0.12 

Coppc  r 

3.00 

Manganese 

0.05 

Magnes ium 

0.25 

Chromium 

0.05 

Zinc 

0.10 

Titanim 

0.15 

Zirconium 

0.15 

Lithium 

2.60 

o  t  h  e  r 

0.05 

Aluminum 

Balance 

Table  3  Test  Conditions  for  Short  and  long  Crack  Tests. 


TEST  TYPE 

LOADING  CONDITION 

MAX.  STRESS 

NUMBER  OF 
SPECIMENS  TESTED 

j^jjnm 

R  =  0.5 

69  MPa 

1 

* 

1 

R  =  0 

34  MPa 

1 

♦ 

R  =  -1 

50  MPa 

1 

34  MPa 

1 

^  m  ~ mhi 

R  =  -2 

..0  MPa 

1 

MM  M 

FAISTAFF 

137  MPa 

117  MPa 

1 

1 

SHORT 

CRACK 

R  -  0 

1C2  MPa 

2 

151  MPa 

2 

R  =  -1 

96  MPa 

2 

82  MPa 

2 

R  =  -2 

68  MPa 

3 

54  MPa 

1 

FAISTAFF 

204  MP; 

2 

*  Load-shedding  type  test. 


CRACK  GROWTH  R 
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Figure  6 


Test  Setup  Depicting  Specimen  and 
Anti-Bucklir.g  Plate  in  Testing 
Machine. 


-  For  Centercrack:  B  =  2t 
For  Edgecrack:  B  =  t  (specimen  thickness) 

(b) 

Figure  7  Short  Crack  Geometries. 
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Figure  9  S-N  Test  Results  Using  SENT  Type  Specimens. 


Figure  14  Examples  of  Typical  Aluminum-Lithium  Short  Crack  Fracture  Surfaces  in  SENT  Type  Specimens 


R=  -2 


54  KPai 


68  MPci 


82  MPa 


l: 


R=0 


96  MPa. 


151  IIPc 


162  MPaj 


Crack  grows 
Through  Specimen 


Thickness 


0  20  40  60  80  100  120  140  160  180  200 

N  (KILOCYCLES) 


Figure  15  Examples  of  Typical  SENT  Specimen  Fatigue  Lives. 
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SUMMARY 

Within  the  AGARD  Cooperative  Test  Programme  on  the  behaviour  of  short  cracks, 
a  common  airframe  aluminium  alloy  (2024-T3)  has  been  investigated  and  the  significance 
of  the  short  crack  effect  analysed  from  tests  conducted  on  a  single  edge  notched  fatigue 
specimens  of  sheet  material  [  I J  .  The  follow  up  Supplemental  Test  Programme  dealt  with 
other  alloys  such  as  T16A14V,  steel  4340, M  7075  and  Al-Li  2090,  all  of  them  of  interest 
to  the  aerospace  ndustry.  The  present  report  describes  the  results  obtained  for  the 
Al-Li  alloy  at  LNETi  'CEMUL. 


NOMENCLATURE 


a ,  c 

8 

da/dN 

E 

EDX 

^sn 

*”cn 

6 

G 

K 

Ki*  Kn-  kih 


fiK 

aK 

kt 

l. 


cq 

T, 


»l 

Hi 


Q 

R 

S 

^max  * 

as 

SEM 

°0.2 

O 

t 

T 


s 


Snin 


crack  dimensions 

angle  between  a  slant  crack  and  the  applied  stress 
fatigue  crack  growth  rate 
Young's  modulus 

Energivo  Dispersive  X-ray  analysis 
boundary  correction  factor  for  a  surface  crack 
boundary  correction  factor  for  a  corner  crack 
parametric  angle  defining  a  point  on  crack  boundary 
strain  energy  release  rate 
stress  intensity  factor 

stress  intensity  factors  respectively  for  opening,  sliding  and 
tearing  modes 

stress  intensity  factor  range 

equivalent  stress  intensity  factor  range  (=/EG) 
elastic  stress  concentration  factor 

longitudinal,  long  transverse  and  short  transverse  directions 
number  of  cycles  corresponding  to  the  first  detection  of  a  crack 
number  of  cycles  corresponding  to  a  through  thickness  ciack 
Poisson's  ratio 
shape  factor 

stress  ratio  (=  Sn{ft/Snax) 
applied  stress 

maximum  and  minimum  applied  stress 
applied  stress  range 
Scanning  Electron  Microscope 
yield  stress  (0.2  percent  offset) 
uniform  uniaxial  tensile  stress 

one  half  (full)  specimen  thickness  for  surface  (corner)  crack 
uniform  shear  stress 


MATERIAL  AND  SPECIMENS 


The  material  was  an  Al-Li  Alcoa  alloy  (2090)  of  nominal  composition  shown  in 
Table  1,  in  the  ,»eak  aged  condition  T8CA1. 

Ihe  yield  stress  (0.2%  offset)  and  the  ultimate  tensile  strength  were  given  as 
526  MPa  and  568  MPa  respectively.  The  constant  amplitude  fatigue  limits  were  first 
estimated  as  40%  higher  than  those  of  2024-T3,  but  following  preliminary  experiments 
were  later  estimated  for  (Kj=  3)  as  160  -  100  -  60  -  50  MPa,  respectively  for  K*0.5, 
0,  -1 ,  -2  loadings. 


xuv*  single  cage  notch  tensile  (SENT)  specimens  were  of  the  same  type  and  nominal 
dimensions  as  the  ones  used  in  the  Core  Programme  (Fig,  2  of  Ref.  1).  They  were  prepared 
by  the  Air  Force  Wright  Aeronautical  Laboratory,  USA,  and  received  in  the  chemically 
polished  condition.  The  notch  was  semicircular  with  a  nominal  radius  of  3.18  mm.  The 
stress  concentration  factor  (KT)  was  3.17  based  on  gross  section  stress. 


Typical  photomicrographs  of  the  2090-T8E4I  sheet  are  show,,  in  Figs.  1  and  2.  The 
scanning  electron  micrograph  (Fig.  1)  shows  a  slight  el  ch  given  to  the  material  by 
the  mechanical  polishing  procedure.  Most  of  the  H.hr  o- -rsctsllU  constituents  arc 

» V;  («>5",Sjn.r.n).  le"d  10  be  ali8ne<1  in  u,c  rolli"8  dlrection’ 


The  optical  micrographs  of  an  etched  sample  show  a  pancake  type  of  structure 
(Fig.  2).  The  average  grain  dimension  along  the  short  transverse  direction  (thickness 
of  the  Al-Li  sheet)  is  approximately  5  ura.  Using  only  optical  metallography  it  is  not 
quite  clear  if  part  of  the  microstructure  consists  of  grains  or  subgroins.  However, 
on  the  basis  of  back  reflection  Lauegrams  of  the  sheet  that  gave  non-spotty , well-defined 
Debye-Scherrer  rings,  it  is  believed  that  the  structure  is  predominantly  recrystallized, 
the  "pancake  grain"  appearance  resulting  from  the  small  differences  in  orientation 
between  the  fine  grains  formed  within  each  one  of  the  previous  solidification  cells 
of  the  Al-Li  ingot  that  have  become  elongated  in  the  rolling  direction  during  processing 
The  non-uniform  intensity  of  the  same  Lauegrom  rings  showed  the  Al-Li  sheet  to  be 
textured . 


EXPERIMENTAL  PROCEDURE 

Specimens  were  tested  in  a  servo-hydraulic  MTS  fatigue  machine  with  bolted  "U" 
grips.  Plastic  spacers  were  used  between  the  specimen  and  the  grip  jaws,  so  that  the 
specimens  would  not  crack  in  the  gripping  area. 

Careful  alignment  of  the  testing  rig  was  carried  out  according  to  the  instructions 
of  the  Core  Programme  (Ref,  1,  Annex  C).  Anti-buckling  guides  lined  with  teflon  sheets 
were  used  for  all  tests  where  compressive  loads  were  applied.  If  a  test  was  interrupted 
the  steady-state  minimum  load  was  not  lower  than  the  required  minimum  load  in  the  test. 
A  complete  description  of  the  fatigue  testing  procedure  can  be  found  in  Ref.  1. 

Fatigue  tests  were  conducted  under  several  constant  amplitude  loading  conditions 
in  laboratory  ’air,  (average  temperature  23  -  4°C  and  relative  humidity  65  *  3%).  In 
all  tests  the  cycle  frequencies  ranged  from  5  to  15  Hz.  The  real  specimen  thickness 
was  less  than  the  nominal  thickness  of  2.3  mm:  the  actual  values  (2.14  to  2.19  mm) 
were  used  when  load  conditions  were  calculated  and  crack  length  measurements  corrected 
for  replica  shrinkage. 

The  stress  ratios,  R  *  -2,  -1  and  0  were  used.  At  each  R  ratio  the  stress  levels 
were  selected  according  to  the  ultimate  strength,  yield  stress,  and  estimated  fatigue 
limit.  Table  2  shows  the  selected  maximum  gross  stresses  and  the  local  notch  root 
elastic  stresses  at  maximum  and  minimum  applied  stress.  The  highest  R  =  -2  and  R  *=0 
loading  conditions  cause  the  notch  root  to  yield  respectively  under  compression  and 
tension.  All  conditions  at  R  »  -l  loading  are  elastic.  These  conditions  were  similar 
to  those  of  the  2024  Core  P rogramme. 

A  total  number  of  18  notched  specimens  was  received,  the  main  objective  being 
to  obtain  surface  crack  length  against  cycles  data.  The  specimens  were  fatigue  tested 
until  one  continuous  crock  grew  all  the  way  across  the  notch  root  thickness  and  then 
the  specimens  were  pulled  to  failure. 

Each  test  was  interrupted  at  regular  intervals  to  allow  obtaining  the  notch  surface 
replica  as  described  in  Ref.  1,  Annex  A.  The  replica  material  used  was  0.04  mm  thick 
acetyl  cellulose  and  the  replicas  were  sputter  coated  with  a  thin  layer  of  Au  prior 
to  observation  in  a  SEM  at  9  keV.  Systematic  analysis  of  several  replicas  starting  from 
the  last  one  allowed  the  location  of  crack  initiation.  Measurement  of  the  crack  length, 
projected  m  the  hor izontal/short  transverse  direction,  was  carried  out  for  each  replica 
and  registered  in  the  appropriate  AGARD  chart  maps  together  with  the  corresponding 
number  of  cycles. 


RESULTS  AND  DISCUSSION 


From  the  15  tests  effectively  run,  only  II  provided  meaningful  data.  For  these 
the  number  of  cycles  corresponding  to  the  first  detection  of  a  crack  (Ni)  and  to  the 
length  of  the  main  crack  equalling  the  thickness  of  the  specimen  (h’f)  have  been 
represented  as  a  function  of  the  experimental  conditions  in  Fig.  3.  The  percentage 
of  life  corresponding  to  crack  initiation  varied  from  10  to  70%,  with  no  systematic 
variation  with  either  Smax  or  AS.  The  r.umbex  of  cracks  detected  in  each  test  did  not 
seem  to  vary  systematically  with  either  Smax  or  AS.  The  first  crack  initiated  usually 
halfway  between  the  centre  and  the  edge  of  the  notch.  Characteristic  length  at  first 
detection  varied  between  5  and  70  I'm. 


In  all  tests  the  last  repHca  showed  the  through- thickness  crack  to  appear  with 
most  of  its  length  as  a  microscopically  straight  line  at  approximately  30°to  the  rolling/ 
test  direction  or  to  have  a  V  shape  characterized  by  the  same  30°  angle.  Fig.  4  shows 
the  tracc(s)  of  the  fatigue  surface(s)  on  the  notch  surface,  illustrating  a  typical 
example  of  each  case.  When  secondary  cracks  occurred,  i-ho  -'S-Tceccpic  preferential 

orientation  is  evident  m  them  (Figs.  5  and  6).  The  V  configuration  can  result  either 
from  the  intersection  of  two  cracks  or  from  the  deflection  of  one  crack.  Most  of  the 
cracks  started  with  an  initial  horizontal  length  of  5  to  50  um  but  assumed  the  typical 
30°  orientation  shortly  after  (Figs.  7  and  8).  The  "serrations"  that  sometimes  connect 
different  parallel  lengths  of  the  cracks  do  not  seem  to  he  t  elated  to  short 

transverse  grain  size  (Fig.  8). 


This  crack  orientation  behaviour  is  thought  to  be  related  to  the  propensity  towards 
planar  slip  characteristic  of  some  Al-Li  alloys  [2],  in  combination  with  the  detected 
preferred  crystallographic  orientation.  A  minimum  tensilc/yicld  strength  has  been 
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frequently  found  at  50  to  60°  to  Mie  working  direction  in  Al-Li  alloy  mill  products 
and  attributed  to  the  presence  of  a  {110}  [112]  texture  [3,  4],  This  texture  is  in 
fact  present  in  the  investigated  2090  alloy  sheet  as  the  main  component  at  mid  thickness 
of  the  sheet  and  one  of  three  components  at  1/4  thickness  [5].  If  the  replicated  plane 
at  th£  ,  root  of  the  notch  is  assumed  to  be  (111),  Fig.  12  shows  there  are  four  [110] 
directions  contained  in  (111)  planes  which  give  traces  on  the  replica  at  30°  to  the 
rolling  direction.  The  {  110  }  [112]  texture  seems  then  consistent  with  crock  propagation 
assisted  by  favourably  oriented  (111)  [lio]  slip  systems. 

The  fatigue  and  the  tension  fracture  surfaces  hove  respectively  a  transgranular 
and  an  Intergranular/intersubgronular  appearance,  illustrated  typically  by  Figs.  9 
and  10.  Dclamination  of  the  pancake  structure  is  evident  in  Figs.  10  and  11, 

For  the  R  ■  -2  and  R  ■  -1  fatigue  tests  the  fatigue  fracture  surfaces  showed  a 
black  powdery  deposit,  assumed  to  be  fretting  debris,  defining  conchoidal  marks.  EDX 
analysis  showed  this  fretting  product  to  be  rich  in  A1  and  Cu,  probably  Ai  Li  IU.  These 
marks  corresponded  to  sucessive  positions  of  the  crack  front  when  the  fatigue  tests 
were  interrupted  to  take  replicas,  and  as  such  they  give  indications  of  the  crock  shape. 
For  each  mark  the  crack  depth  c  and  crack  length  a  or  2a  were  measured  according  to 
Fig,  13  and  a  plot  of  c/a  against  a/t  was  obtained  for  several  specimens,  as  shown 
in  Fig.  14.  Despite  the  poor  correlation,  an  experimental  equation  of  crock-shape 
c/a  against  specimen  thickness  can  be  obtained  as: 


c/a  *  1.18  +  0.51  (a/t) 


U) 


Crack  growth  data  were  obtained  on  length-cycles  coordinates  and' analysed  on  crack 
growth  rate  -  stress  intensity  factor  range  coordinates.  Both  projected  crack  length 
and  actual  crack  length  were  considered. 


Analysis  based  on  projected  crack  length 

The  AK  equation  for  a  semi-elliptical  surface  crack  located  at  the  centre  of  the 
edge  notch  or  for  a  quarter  elliptical  corner  crack  subjected  to  remote  uniform  stress 
can  be  obtained  f 1 ,  6J  respectively  as: 


Al<  =  AS  IWQ  •  Fsn  (2) 

AK  =  AS  ■Jaa/Q  •  I'cn  (3) 

where  AS  is  full  stress  range,  Q  is  the  shape  factor  and  Fsn  and  Pcn  are  the  boundary 
correction  factors  given  in  [6j . 

For  both  the  shape  and  the  boundary  correction  factors  the  crack  length  and  crack 
depth  must  be  known.  In  the  Core  Programme  c/a  was  calculated  as: 


c/a=  0.9  -  0.25  (a/t)’  (4) 


Figs.  15,  16  and  17  show,  respectively  for  R  *»  -2,  -1  and  0,  the  short  ctack  growth 
rate  against  the  stress  intensity  factor  range  assuming  ciack  depth  calculated  by  F,q.(4) 
and  using  the  projected  crack  length,  as  per  instructions.  For  each  loading  condition 
the  short  crack  growth  rote  data  is  compared  with  the  available  long  crack  data 
generated  under  the  same  loading  conditions  on  the  same  material,  obtained  by  a 
different  laboratory  [7].  Fig.  18  shows  for  R  **  0  the  short  crack  growth  rate  against 
the  stress  intensity  factor  range  assuming  the  experimentally  determined  crack  depth 
Eq.(l).  Comparison  of  Figs.  17  and  18  shows  that  for  the  same  AK  the  crack  growth  rate 
is  not  significantly  different  and  therefore  only  Eq.(4)  was  used  henceforth. 


Analysis  based  on  actual  crack  length 

As  mentioned  previously,  ?  systematic  30°  slant  of  the  cracks  was  found  in  all 
the  tests.  The  remote  uniform  stress  has  then  a  shear  stress  component  in  the  crack 
plane  and  a  normal  stress  component.  Mixed  mode  condi.tic:>^  of  rrack  propagation  exist 
and  a  simplified  model  for  these  conditions  ves  ^ ^ tn  ^ f ,i ,, ,  , n  «...  "nm 
accurate  analysis  of  the  data. 

At  the  points  (A)  where  the  crack  intersects  the  notch  surface  a  mixed  mode  composed 
of  mode  I  plus  mode  II  exists  and  at  the  maximum  crock  depth  (B)  a  mixed  mode  composed 
of  mode  I  plus  mode  III  exists  (Fig.  19). 

Ter  a  slant  crack  of  length  2a  in  a  sheet,  subjected  to  a  uniform  stress  0  remote 
from  the  crack  and  making  an  angle  S  with  the  direction  of  O  (Fig.  20),  the  stress 
intensity  factors  Kj  and  Kjj  are  given  [if]  oy: 
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Kj  =  sen*  0  a  {Fa 


(5) 


Kjj  =  se up  cos/?  a  {Fa 


(6) 


For  an  elliptical 
tensile  stress  o  (Fig. 
factors  are  also  found 
given  by: 


crack  of  length  2a  and  depth  2c  subjected  to  uniform  uniaxial 
21)  or  uniform  shear  stress  T  (Fig.  22),  the  stress  intensity 
in  Ref.  8.  When  the  ellipse  becomes  a  circle(c  «*  a^they  are 


Kj  =  2 a  .ja/ * 


cos  <j>  .  r  .  {Fa 


** 1 1  ”*  t  (2-i/) 

Km  =  sen  *  '  r‘  *** 


(7) 

(8) 

(9) 


On  the  basis  of  Eqs.(2)  and  (3)  an  approximate  stress  intensity  factor  equation 
for  modes  I,  II  and  III,  can  be  calculated  for  a  semi-elliptical  surface  slant  crack 
at  the  edge  of  a  notch.  It  assumes  that  the  boundary  correction  factors  Fsn  and  Fcn  are 
the  some  for  the  three  modes,  that  the  shape  factor  Q  for  modes  II  and  III  are  the 
ones  in  Eqs.  (8)  and  (9)  and  the  applied  stresses  ore  taken  from  Eqs.  (5)  and  (6). 

For  a  surface  crack,  in  the  special  case  when  the  ellipse  becomes  a  circle,  the 
equations  for  the  three  r.odes  are: 


'<1  =  2S  SC1>2  0  f7*  ■  Fsn  (10) 


KII  ~  x  (2-e)  •  S  • 

sen/? 

cos/?  {Fa  . 

Fsn 

(H> 

.  ‘1  (l-w)  „ 

‘III  -  X  (2-1/)  ■  S 

.  sen/? 

.  cos/?  {Fa 

•  Fsn 

(12) 

and  the  strain  energy  release  rate  G  is,  for  plane  stress  conditions: 

G  =  h  [KI  +  KII  +  <*-->  ><hl] 


(13) 


Fig.  23  compares  crack  growth  rate  against  stress  intensity  factor  range  for  modes 
I>  H  and  III,  for  a  slant  surface  crack  growing  under  R  »  -1,  Smax  ■  80  MPa  conditions, 
The  greatest  contribution  to  the  total  AK  can  be  seen  as  being  given  by  mode  II. 

For  the  same  surface  crack,  Fig.  2A  compares  crack  growth  rate  against  E.G.  values 
calculated  as  K!  ,  Kf  +  Kjp  (at  points  A)  and  Kj  +  (1  +v)  K  ijj  (at  maximum  crack  depth, 
point  11).  As  can  be  seen,  for  a  given  crack  length  the  E.G.  value  at  point  B  is  smaller 
tnan  at  point  A.  so  plots  of  AK  aga’nst  da/dN  were  obtained  only  for  these  points  A 
and  using  a  AK  *  /  (E.G)  to  compare  with  long  crack  data  [7). 

Such  plots  arc  shown  in  Figs.  25,  26  and  27  respectively  for  R  =  -2,  R  k  -1  and 
R  =  0  loading  conditions.  Direct  comparison  with  Figs.  15,  16  and  17  shows  that  for 
a  given  AK  a  greater  short  crack  growth  rate  is  obtained  with  this  mixed  mode  analysis, 
owing  mainly  to  the  30°  crack  slant  orientation. 

The  actual  short  crack  effect  will  then  be  greater  than  any  detected  on  the  basis 
of  the  Eqs.  (2)  and  (3)  using  the  projected  crack  length. 


CONCLUSIONS 

The  present  study  of  the  crack  propagation  behaviour  of  short  naturally  occurring 
cracks  in  an  Al-Li  alloy  (2090  -  T8EA1)  leads  to  the  following  conclusions: 

1.  A  30°  slant  cracking  pattern  was  obtained  in  all  tests.  This  behaviour  is  quite 
different  from  the  one  found  for  the  2024-T3  material  tested  in  the  AGARD  Core 


2.  The  systematic  crack  orientation  is  probably  related  to  the  texture  of  the  Al-Li 
sheet. 

3.  Using  the  Core  Programme  type  of  analysis  and  the  crack  projected  lengths: 

3.1.  At  equival  ..t  nominal  AK  levels  short  crack  growth  rates  were  definitely  faster 


'.VW  a^MW  iiaiM!*  *'i 
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than  long  crack  growth  rates  for  constant  amplitude  loadings  R  ■  -2  and  R  *-!• 
For  R  «  -2,  short  cracks  grew  faster  at  higher  stress  levels  for  the  same  AK. 

3.2.  For  R  *  0,  short  crack  growth  rote  was  only  slightly  faster  than  long  crack  growth 
rate  for  equivalent  AK. 

3.3.  For  R  •  -2,  R  -  -1  and  R  **  0  short  cracks  grew  below  long  crock  threshold  AK^. 

4.  The  attempted  mixed  mode  analysis  shows  the  enhancement  of  the  short  crack  effect 
described  in  conclusion  3. 
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Table  1  -  Cnenical  composition  o£  2090-T8E41 


El ement 

Percent 

Volume 

Copper 

2.4  -  3.0 

Lithium 

1.9  -  2.6 

Magnesium 

0.25 

Zirconium 

0.10 

I  ron 

0.12 

Manganese 

0.05 

Chromium 

0.05 

Titanium 

0.15 

Others 

0.05  max.  each 

0.15  max.  total 

Aluminium 

Balance 

Table  2  -  Local  notch-root  elastic  stresses 


Loading 

Maximum 

Grose  Stress 

Smax  (MPa) 

Kt  ^rnax 
*0.2 

kT 

*0.2 

90 

0.54 

-1.08 

a  =  -2 

70 

0.42 

-0.84 

55 

0.33 

-0.66 

105 

0.63 

-0.63 

100 

0.60 

-0.60 

a  =  -l 

90 

0.54 

-0.54 

80 

0.48 

-0.48 

170 

1  .02 

0 

155 

0.93 

0 

150 

0.90 

0 

140 

0.84 

0 

a  =  0 


Figure  4  -  SEM  photographs  of  halves  of  Figure  5  - 
fatigued  specimens  tested  at: 
a)  R*-l,  S  max*70  MPa:  b)  R*0, 

Sm3x  *170  MPa  .  Electron  beam 
parallel  to  long  transverse 
direction 


Figure  6  -  Replica  at  8,800  cycles  for  the  Figure  7  - 
specimen  tested  at  R=-2,  Smax  „ 

90  MPa 


Figure  8  -  Replica  at  75.000  cycles  £or  the 
specimen  tested  at  R«-l,  Sfflax  =80 
MPa.  Arrow  indicates  crack 
initiation  site 


Figure  9  -  Typical  fatigue  fracture 

surface  (R=0,  Smax  ■  170  MPa). 
Arrow  indicates  crack 
initiation  site.  Electron  beam 
parallel  to  tension  axis 


Figure  10  -  Typical  tension  fracture  surface  Figure  11 
(R=-l,  SfliaxoSOMPa) . Electron  beam 
parallel  to  tension  axis 


-  Typical  tension  fracture 
surface  (R=-l,  Smax=80  MPa). 
Electron  beam  normal  to 
tension  axis 


do/dN  lm/cyc)e)  Z  do/dN  im/cycle) 


+  **♦  Smny  “  55  MPtt 
x  -♦  Smax  ~  70  MPa 
□  -*  Smax  =  90  MPa 
—  -♦  Long  crack  datta 


-  Crack  growth  rate  against  stress  intensity  factor  range,  based  on 
projected  crack  length  for  R  =  -2  loading,  assuming  c/a  =  0.9-0.25 
(ah)2 


d  — *  Smax  —  SO  MPa 

x  — *  Smax  —  90  MPa 

D  -  Smax  =  100  MPa 

O  —  SInax  105  MPa 

—  -•  Long  crack  data 


Figure  16  -  Crack  growth  rate  against  stress  intensity  factor  range,  based  on 
proj'ectcd  crock  length  for  R  =  -1  loading,  assuming  c/a  =  0.9-0.25 
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CRACK  BEHAVIOUR  OF  2024-T3,  2090-T8E41  AND  7075-T6  UNDER  CONSTANT  AMPLITUDE  AND 
DIFFERENT  TYPES  OF  VARIABLE  AMPLITUDE  LOADING,  ESPECIALLY  GAUSSIAN  LOADING 


H.  Nowack,  K.H.  Trautmann,  0,  Strunck 
Institute  for  Materials  Research 
Deutsche  Forschungsanstalt  fUr  Luft-  und  Raumfahrt  (DLR) 
0-5000  Koln  90 
FRG 


SUMMARY 

The  present  report  describes  the  contribution  of  the  DFVLR  (DLR)  to  the  AGARD  cooperative  test  pro¬ 
gramme  on  short  and  long  cracks.  Within  the  core  programme  tests  on  2024-T3  single  edge  notch  (SENT)  speci¬ 
mens  were  performed  with  constant  amplitude,  FALSTAFF,  and  Gaussian  loading.  Within  the  supplemental  pro¬ 
gramme  short  and  long  crack  tests  on  the  aluminium-lithium  alloy  2090-T8E41  were  carried  out  with  Gaussian 
loading  and  some  further  exploratory  long  crack  tests  with  the  conventional  high  strength  aluminium  alloy 
7075-T6  were  added.  The  long  crack  tests  were  performed  on  center  crack  (CCT-)specimens. 

From  the  investigations  it  came  out  that  2024-T3  and  2090-T8E4 1  showed  the  so-called  short  crack 
effect.  This  effect  is  mainly  attributed  to  the  influence  of  crack  closure. 

The  microscopical  behaviour  of  2024-T3  and  2090-T8E41  was  different.  At  2024-T3  several  cracks  ini¬ 
tiated,  normally  as  center  cracks,  whereas  at  2090-T8E41  corner  cracks  were  the  predominant  cracks. 

In  the  long  crack  stage  209Q-78E41  turned  out  to  be  not  such  damage  tolerant  as  expected. 


i.  INTRODUCTION 

The  economical  life  of  airspace  constructions  can  be  extended  if  parts  of  the  short  crack  stage  are 
also  included  into  the  fatigue  analysis.  This  requires  a  thorough  knowledge  of  the  short  crack  behaviour 
under  service  loading  conditions.  More  specifically,  two  essential  prerequisites  have  to  be  fulfilled :■ 

The  length  of  the  short  cracks  must  be  reliably  detectable  by  NDI  methods  and  the  propagation  behaviour  of 
the  cracks  must  be  quantitatively  known.  The  AGARD  collaborative  test  programmes  on  short  cracks  had  been 
initiated  to  investigate  mainly  the  short  crack  stage  but  also  the  long  crack  stage  for  comparison  by  the 
combined  effort  of  numerous  fatigue  laboratories  which  all  used  specimens  with  a  same  shape  and  manufac¬ 
tured  from  one  batch,  the  same  damage  evaluation  technique  and  the  same  selected  constant  amplitude  and 
variable  amplitude  histories.  An  essential  question  was,  if  the  so-called  short  crack  effect  (faster  crack 
propagation  than  expected  from  long  crack  data  and  a  different  threshold  value)  could  be  observed  on  the 
materials  investigated. 

The  short  crack  effect  is  not  well  understood  until  now  from  a  physical  viewpoint.  Further  on,  analyt¬ 
ical  tools  have  to  be  available  to  predict  the  short  crack  behaviour  adequately. 

The  core  programme  at  DLR  concentrated  on  the  conventional  2024-T3  alloy.  Within  the  supplemental  pro¬ 
gramme  the  2090-T8E41  was  investigated  in  the  short  crack  and  in  the  long  crack  stage  under  a  Gaussian 
loading  history. 

One  essential  aspect  of  the  AGARD  programme  is  that  the  advanced  crack  propagation  prediction  model 
by  J.  Newman  (1)  is  available  and  used  by  the  author  to  predict  the  short  and  long  crack  behaviour  as  ob¬ 
served  in  the  experimental  investigations  of  the  participants  of  the  programme. 


2.  EXPERIMENTS 

2.1  Test  Programme 

Table  1  gives  a  survey  of  all  tests  which  were  performed  by  DLR  in  the  core  and  in  the  supplemental 
programme.  In  the  long  crack  stage  some  exploratory  tests  on  the  conventional  high  strength  aluminium  alloy 
7075-T6  were  also  included.  (The  workloads  of  the  participants  of  the  AGARD  programme  are  given  in  Tables 
la  and  lb  in  the  Appendix.) 

2.2  Specimens  and  Material 

All  short  crack  tests  were  performed  on  SENT  specimens  and  the  long  crack  tests  on  CCT  specimens.  (The 
shape  of  the  SENT  and  of  the  CCT  specimens  is  shown  in  Figures  la  and  2b  in  the  Appendix.) 

The  chemical  composition  and  the  mechanical  properties  of  the  alloys  investigated  are  given  in  Tables 
2a  and  2b  in  the  Appendix.  (Because  2090-T8E41  is  a  high  strength  type  of  alloy,  it  was  expected  tnat  this 
alloy  compares  more  to  7075-T6  rather  than  to  2024-T3. 

2.3  Experimental  Techniques 

The  initiation  and  propagation  behaviour  of  short  cracks  appears  complex,  because  multiple  crack  ini¬ 
tiation  often  takes  place.  During  their  further  growth  the  short  cracks  interact  with  each  other.  A  special 
mapping  procedure  was  used  to  document  the  short  crack  behaviour.  On  a  (graphical)  sketch  of  the  riotch  sur¬ 
face  of  the  SENT  specimens  the  approximate  locations,  shapes  and  sizes  of  the  short  cracks  were  registered 
at  certain  cycle  numbers  during  the  tests.  (An  example  of  the  mapping  procedure  is  shown  in  Figure  2  in  the 
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Appendix.)  All  data  which  were  experimentally  determined  were  collected  by  the  coordinators  of  the  AGARD 
programme,  J.  Newman,  NASA,  and  P.R.  Edwards,  RAE,  evaluated  using  a  uniform  analysis  scheme,  and  distrib¬ 
uted  later  on  to  all  participants  of  the  AGARD  programme. 

The  measurements  of  the  short  cracks  could  be  performed  in  a  different  manner,  either  by  a  foil  re¬ 
plication  technique  or  by  direct  optical  observations.  DLR  applied  both  techniques. 

2,4  Loading  Histories 

In  the  programme  constant  amplitude  loading,  FALSTAFF  and  a  Gaussian  loading  history  were  applied. 
These  histories  are  described  in  more  detail  in  (1).  Because  the  Gaussian  history  was  extensively  used  in 
the  present  investigation,  some  further  information  shall  be  given  here. 

Gaussian  histories  are  the  result  of  the  combined  action  of  a  large  number  of  sources/excitations, 
each  of  which  are  statistically  normally  distributed.  If  the  cumulative  frequency  of  the  level  crossings 
is  considered,  its  envelope  shows  the  typical  bell  shape.  The  ends  of  the  bell  shape  curve  are  cut  off  -t 
some  certain  value,  very  often  at  a  value  of  5.3  times  the  R.M.S. -value  of  the  history.  The  distribution 
functions  of  the  maxima  and  of  the  minima  of  a  Gaussian  history  are  Raleigh  distributions. 

Gaussian  histories  are  completely  described  by  two  of  the  following  parameters:  Power  spectral  densi¬ 
ty  function,  irregularity  factor,  clipping  ratio,  level  crossing  spectrum,  extreme  value  distributions, 
etc. 


In  practice,  three  typical  Gaussian  histories  with  irregularity  factors  around  0.9,  0.7,  and  0.3  are 
of  importance.  In  the  present  study  a  Gaussian  history  with  an  irregularity  factor  of  0.99  has  been  chosen. 
(The  level  crossing  spectrum  and  a  cut-out  of  the  history  are  shown  in  rigure  3  in  the  Appendix.) 

In  contrast  to  the  flight  loading  history  FALSTAFF,  the  Gaussian  history  does  not  contain  any  induced 
loading  events  as  air-to-ground  cycles.  In  the  course  of  the  Gaussian  history  high  peak  loads  occur  at 
certain  instants.  These  have  a  significant  effect  on  the  observed  crack  growth  behaviour. 

2.S  Testing  Equipment 

The  tests  at  DLR  were  performed  on  a  computer  controlled  servohydrajlic  testing  machine  together  with 
the  extreme  value  correction  software  ECORf®  (Schenck  AG),  which  guaranteed  a  sufficiently  high  accuracy, 
especially  in  the  variable  amplitude  tests.  This  has  also  been  confirmed  by  an  AGARD  inspection,  which  used 
an  independent  measuring  and  data  acquisition  device. 


3.  EXPERIMENTAL  RESULTS 


3.1  Short  Crack  Stage 

The  results  of  the  tests  with  2024-T3  with  constant  amplitude  loading,  FALSTAFF  loading  and  Gaussian 
loading,  which  were  run  in  the  core  programme,  are  presented  together  with  the  results  of  the  other  labora¬ 
tories  in  [1J.  (They  are  also  reproduced  for  constant  amplitude  loading  in  Figure  4,  for  FALSTAFF  loading 
in  Figure  5,  and  for  Gaussian  loading  in  Figure  6  in  the  Appendix.) 

Only  those  short  crack  data  were  considered,  where  no  interactions  of  the  short  cracks  did  occur, 
following  the  non-interaction  criteria  as  specified  in  (1).  In  order  to  enable  comparisons  between  the 
short  crack  and  the  long  crack  behaviour,  the  behaviour  of  long  cracks  is  a'so  included  in  the  figures. 

The  short  crack  behaviour  at  the  notch  surface  of  2090-T8E41  under  Gaussian  loading  is  presented  in 
Figure  2.  In  the  figure  the  surface  crack  length  is  plotted  versus  the  cycle  number.  In  contrast  to  2024-T3, 
which  was  investigated  within  the  core  programme,  the  number  of  short  cracks  which  were  initiated  was  con¬ 
siderably  lower,  except  in  one  case  (specimen  Ho.  1702),  where  four  cracks  started  to  grow.  It  is  inter¬ 
esting  to  note  that  in  this  case  those  cracks  which  started  early  to  grow  did  not  form  the  final  through 
crack  at  the  end  of  the  short  crack  stage.  Since  the  number  of  short  cracks  at~2IF90-T8E41  was  small,  they 
grew  independently  of  each  other  and  there  were  only  very  few  data  points  which  had  to  be  rejected,  because 
they  did  not  fulfil  the  non-interaction  criterion. 

Figure  3  gives  a  further  overview  of  the  short  crack  stage.  In  the  figure  the  cycle  numbers  are  given, 
where  the  first  cracks  were  detected,  the  length  of  the  cracks  at  this  instant,  and  the  cycle  numbers, 
where  the  longest  short  crack  penetrated  the  whole  bore  of  the  notch. 

In  Figures  4a  and  4b  the  cycle  numbers  which  were  spent  in  the  short  crack  stage  between  crack  lengths 
of  0.25  mm  and  0.5  mm,  respectively,  until  the  crack  expanded  across  the  bore  oc  the  notch  are  shown.  From 
the  figure  it  can  be  seen  that  there  were  no  further  significant  variations  in  the  behaviour  after  the  short 
cracks  had  started  to  grow. 


Figure  5  shows  the  propagation  data  of  the  short  cracks  under  Gaussian  loading  in  a  da/dN  versus  AK 
format,  whereby  the  AK  values  were  determined  after  J.  Newman's  proposal  in  (1).  As  the  stresses  for  the 


the  Gaussian  sequence  were  taken.  Since  the  loading  was  symmetric  around  zero,  the  stress  amplitudes  are 
given  in  the  figures. 


3.2  Long  Crack  Behaviour 

The  long  crack  behaviour  of  2090-T8E41  under  Gaussian  loading  with  a  maximum  stress  of  150  N/mm2  is 
given  in  Figure  6.  Since  the  number  of  specimens  which  were  available  for  the  long  crack  tests  was  rather 
limited,  one  other  specimen  was  loaded  at  S^ax  values  of  120  N/mm2,  1 50  N/nm2,  and  180  N/mm2  within  one 
test  in  order  go  get  some  overview  (compare  Table  1).  In  Figure  6  that  part  of  the  sequence  with  Smax  of 
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150  N/mm2  is  only  shown.  In  the  figure  some  regular  variations  of  the  da/dN  versus  N  data  can  be  observed. 
These  are  caused  by  the  non-uniform  distribution  of  the  higher  peak  loads  in  the  course  of  the  Gaussian 
sequence.  At  moderate  crack  lengths  high  peak  loads  cause  retardation  in  crack  propagation.  Later  on,  when 
the  crack  length  has  become  large  and  the  load  carrying  capacity  of  the  specimen  net  section  is  signifi¬ 
cantly  reduced,  the  peak  loads  cause  unstable  crack  growth  as  soon  as  the  critical  stress  intensity  factor 
of  the  material  is  reached.  Figure  7  shows  the  long  crack  behaviour  of  2090-T8E41  in  terms  of  da/dN  versus 
AK.  These  data  include  those  parts  of  the  loading  history  as  applied  at  specimen  B1305  with  Sm,*  values 
of  120  N/mm2  and  180  N/mm2. 

In  order  to  get  some  insight,  how  the  conventional  high  strength  aluminium  alloy  7075-T6  compares  to 
2090-T8E41 ,  two  exploratory  tests  on  7075-T6  were  performed  with  a  Smax  value  of  the  Gaussian  sequence  of 
150  H/m‘.  The  crack  propagation  direction  was  longitudinal  (specimen  H20)  and  transverse  (specimen  H21) 
to  the  loading  direction.  Although  the  test  results  were  too  few  to  draw  any  more  general  conclusions, 
there  is  some  tendency  that  the  cracks  propagate  a  little  slowlier  at  2090-T8E41 ,  but  become  critical  at  a 
smaller  crack  length  than  at  7075-T6. 

Figure  7  shows  the  da/dN  versus  AK  behaviour  for  2090-T8E41  and  for  7075-T6.  It  can  be  seen  that  both 
data  fall  within  one  scatter  band  in  the  range  of  medium  da/dN  versus  AK  values.  At  higher  da/dN  versus  AK 
values  2090-T8E41  shows  the  tendency  to  develop  higher  da/dN  rates  as  already  mentioned  before. 

3.3  Comparison  of  the  Short  and  Long  Crack  Data 

In  Figure  8  all  short  and  long  crack  data  of  2090-T8E41  are  plotted  into  one  da/dN  versus  AK  diagrarme. 


4.  EVALUATION  AND  DISCUSSION  OF  EXPERIMENTAL  RESULTS 
4,1  Short  Crack  Stage 


2024-T3  showed  the  so-called  short  crack  effect  in  the  core  programme  and  it  was  of  interest  if  2090- 
T8E4I  behaved  in  a  similar  manner.  Especially  the  following  two  phenomena  had  been  observed  at  2024-T3: 

the  da/dN  data  of  the  short  cracks  followed  under  Gaussian  loading  roughly  that  slope  as  given  by  the 

long  crack  da/dN  versus  AK  data  at  medium  crack  rates 

the  absolute  da/dN  values  were  in  their  trends  somewhat  higher  than  the  da/dN  values  from  the  long 

crack  tests  if  plotted  against  the  same  AK  values 

Figure  8  shows  that  the  trend  for  2090-T8E41  was  similar. 

One  reason  for  the  existence  of  such  a  short  crack  effect  which  is  quite  often  mentioned  is  a  differ¬ 
ence  in  the  crack  closure  behaviour  between  short  and  long  cracks.  There  exist  indeed  more  recent  investi¬ 
gation  results  which  indicate  that, if  closure  is  avoided  in  the  long  crack  tests  by  the  choice  of  a  suit¬ 
able  testing  procedure  (high  constant  Kmax  value  in  the  tests  and  increasing  the  K^in  value  in  the  course 
of  the  tests  (2,3)  or  two-step  tests  with  a  same  high  K^ax  value  in  both  steps  and  a  significantly  lower 
AK  value  in  the  second  step  (4)),  the  corresponding  long  crack  da/dN  versus  AK  curves  tend  to  fall  con¬ 
siderably  closer  to  the  da/dN  versus  AK  curves  of  the  short  cracks.  Because  the  crack  surfaces,  where  loads 

can  be  transferred,  are  much  smaller  for  short  cfacks  than  for  long  cracks,  it  is  reasonable  to  assume  that 

crack  closure  plays  a  less  significant  part  for  short  cracks.  If,  in  addition,  compression  loads  are  in¬ 
cluded  in  a  loading  history  (as  it  is  the  case  under  Gaussian  loading),  the  crack  surfaces  which  are  formed 

during  the  early  growth  of  short  cracks  and  which  are  still  very  small  may  be  easily  redeformed  by  the  com¬ 
pression  loads.  That  means  that  the  crack  closure  effect  is  further  reduced,  especially  at  the  beginning  of 
the  short  crack  stage.  2090-T8E41  also  shows  another  microscopical  phenomenon  (which  will  be  described  in 
more  detail  later  on):  The  short  cracks  actually  start  to  grow  at  45°  to  the  loading  direction.  Under  such 
circumstances  crack  closure  is  less  important. 

Summarizing,  it  is  concluded  that  crack  closure  is  seen  as  a  most  significant  reason  for  the  observed 
differences  in  the  short  and  long  crack  behaviour. 

Another  important  point  is  in  how  far  AK  values  based  on  linear  elastic  fracture  mechanics  can  be  used 
to  represent  the  short  crack  behaviour.  Although  tests  with  Gaussian  loading  are  less  suitable  to  answer 
this  question  than  constant  amplitude  tests,  the  authors  tend  to  follow  the  statement  by  J.  Newman  in  (1) 
that  the  present  knowledge  is  not  sufficient  to  define  fixed  limits  for  the  application  of  the  tools  of 
linear  elastic  fracture  mechanics  co  represent  short  crack  data.  Numerous  investigations  with  long  cracks 
have  shown  that  the  range  where  the  stress  intensity  factor  could  be  used  to  represent  crack  data  was  much 
larger  than  previously  expected. 

The  da/dN  data  under  Gaussian  loading  were  plotted  against  a  AK  value  based  on  the  variation  between 
the  maximum  and  the  minimum  stress  in  the  Gaussian  history.  This  way  of  representing  the  crack  propagation 
cannot  be  satisfactory,  if  the  following  two  aspects  are  considered:  The  first  aspect  is  that  the  AK  values 
of  the,  majority  of  the  cycles  in  the  Gaussian  history  are  much  smaller.  The  second  is  that,  even  if  the 
adequate  individual  cycle-by-cycle  da/dN  versus  AK  values  could  be  determined,  there  are  further  load  se¬ 
quence  effects  on  crack  propagation,  which  lead  to  a  deviation  from  a  linear  crack  propagation.  One  possi¬ 
bility  to  explicitly  work  out  such  sequence  effects  is  an  indirect  one:  to  apply  an  advanced  crack  propaga¬ 
tion  prediction  model  where  the  main  causes  of  sequence  effects  as  they  are  known  today  are  considered,  as 
for  example,  the  FASTRAN  model  by  0.  Newman  [1!,  and  to  evaluate  how  the  predictions  of  this  model  compare 
to  the  actual  experimental  behaviour. 

Besides  phenomenological  and  fracture  mechanics  aspects  as  they  were  mentioned  before,  the  microscop¬ 
ical  crack  propagation  mechanism  is  of  interest,  as  well.  The  following  main  differences  between  2024-T3 
and  2090-T8E41  were  observed:  At  2024-T3  usually  more  short  cracks  were  initiated  at  the  notch  of  the  SENT 
specimen  than  at  2G90-T8E41.  At  2024-T3  most  of  the  cracks  started  as  center  cracks.  At  2090-T8E41  center 
cracks  initiated  less  frequently.  In  that  case  where  a  center  crack  started  first,  also  other  center  cracks 
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were  initiated.  The  important  cracks,  however,  were  corner  cracks.  They  predominantly  controlled  the  short 
crack  stage.  Even  in  that  case  where  the  first  crack  was  a  center  crack,  the  crack  which  became  dominant 
later  on  was  again  one  which  interfered  with  the  corner  of  the  notch.  Because  at  2024-T3  a  large  number  of 
short  cracks  were  initiated,  the  non-interaction  criterion  had  a  higher  significance  for  this  alloy.  Con¬ 
siderably  more  data  points  had  to  be  rejected  than  for  2090-T8E41.  Another  difference  between- 2024-T3  and 
2090-T8E41  which  was  observed  was  that  at  the  later  alloy  a  strong  tendency  to  form  cracks  at  an  angle  of 
45°  to  the  loading  direction  was  present.  This  is  shown  in  Figure  9.  (Although  one  crack  only  is  to  be  seen 
at  2024-T3,  there  were  several  more  small  cracks  which  did  not  become  visible  due  to  imperfections  in  the 
illumination  and  due  to  the  unevenness  of  the  specimen  surface.)  The  tendency  of  2090-T8E41  to  form  cracks 
at  45°  may  be  seen  as  a  consequence  of  the  strong  texture  of  the  material  due  to  the  TMT  applied. 

4.2  Long  Crack  Stage 


In  the  da/dN  versus  AK  data  in  Figure  7  the  typical  bending  down  of  the  data  towards  a  threshold  value 
does  not  become  visible.  A  reason  is  that  the  data  were  integrally  determined  over  a  large  number  of  cycles 
which  are  quite  different  in  their  magnitude.  Such  a  procedure  is  not  suitable  to  reveal  the  crack  extension 
also  during  small  load  variations.  All  details  of  the  crack  propagation  process  including  the  load  sequence 
effects  remain  hidden.  In  order  to  get  at  least  some  information,  comparisons  with  the  predictions  of  ad¬ 
vanced  crack  propagation  prediction  models  can  be  performed.  Because  the  assumptions  about  the  mechanics 
environments  and  the  other  operating  mechanisms  in  the  model  are  known,  the  comparison  gives  valuable  in¬ 
formation  about  most  significant  influences  and  controlling  parameters  regarding  long  crack  propagation. 

In  Figure  6  the  phenomenological  long  crack  data  of  2090-T8E4I  and  7075-T6  were  compared.  Although  the 
number  of  tests  was  very  small,  there  were  indications  that  the  crack  propagation  at  2090-T8E4!  is  somewhat 
slowlier  at  small  crack  lengths.  At  higher  crack  lengths,  however,  the  transition  to  unstable  crack  growth 
occurred  quite  rapidly.  This  may  indicate  that  the  damage  tolerance  properties  of  2090-T8E41  are  a  little 
worse  than  those  of  7075-T6.  (It  has  to  be  emphasized  again  that  the  data  base  is  still  too  small  to  allow 
for  more  general  conclusions.) 

In  Figure  10  photographical  reproductions  of  the  fracture  surfaces  of  2000-T8E4I  and  7075-TC  are  shown. 
There  exist  some  essential  differences  between  both  alloys.  At  7075-T6  the  crack  started  at  90"  to  the 
loading  direction  and  remained  in  this  position  for  a  long  range  in  crack  length  until  it  gradually  changed 
its  position  into  45°  to  the  loading  direction.  At  2090-T8E41  the  45°  transition  was  observed  at  short 
crack  lengths.  There  were  furthermore  signs  of  a  strong  formation  of  deposites  on  the  fracture  surfaces  at 
2090-T8E41.  In  a  recent  investigation  [5]  a  similar  observation  was  made  on  an  aluminium-lithium  alloy.  In 
this  work  the  more  intense  production  of  deposites  on  the  fracture  surfaces  was  interpreted  as  an  extensive 
closure  of  the  cracks  during  the  fatigue  test.  A  more  intensive  crack  closure  can  also  give  the  reasoning 
for  the  somewhat  slower  crack  propagation  at  2090-T8E41  at  smaller  crack  lengths  under  Gaussian  loading. 
Figure  10  shows  that  the  fracture  surfaces  of  2090-T8E41  appear  more  irregularly  at  the  onset  of  crack 
growth  than  at  7075-T6. 


5.  CONCLUSIONS 


In  the  present  study  short  crack  tests  on  2024-T3  with  constant  amplitude,  FALSTAFF  and  Gaussian  load¬ 
ing  (core  programme)  and  short  and  long  crack  tests  with  Gaussian  loading  on  2090-T8E41  (supplemental  pro¬ 
gramme)  were  performed.  Some  exploratory  long  crack  tests  on  7075-T6  with  Gaussian  loading  were  added. 
Although  the  number  of  specimens  available  for  testing  was  limited,  the  following  trends  have  been  ob¬ 
served: 

-  2024-T3  and  2090-T8E41  showed  the  so-called  "short  vracl  effect"  in  so  far  as  the  da/dN  versus  AK  data 

followed  roughly  a  straight  line  elongation  of  the  medium  range  of  the  long  crack  da/dN  versus  AK  data 
and  that  the  da/dN  versus  AK  data  of  the  short  cracks  were  somewhat  higher  than  for  long  cracks.  Crack 
closure  seems  to  be  the  main  reason  for  the  'lOteived  short  crack  behaviour. 

At  2024-T3  usually  more  than  one  shoit  crack  nucleated,  which  were  mainly  center  cracks.  These  cracks 
interacted  later  on  intensively  such  the*  various  data  points  had  to  be  eliminated  to  fulfil  the  non¬ 
interaction  criterion.  Except  in  one  case  the  number  of  cracks  at  2Q9G-T8E41  was  smaller  and  the 
dominant  cracks  turned  out  to  be  corner  cracks. 


At  2024-T3  and  7075-T6  the  short  cracks  usually  initiate  at  90:  to  the  loading  direction  and  remain 
in  this  position  for  some  range  in  crack  length.  At  2090-T8E41  the  short  cracks  showed  a  strong  tend¬ 
ency  to  take  a  position  of  45°  to  the  loading  direction. 

In  the  long  crack  stage  the  data  (which  were  unfortunately  too  few  to  allow  for  more  general  conclu¬ 
sions)  showed  some  tendency  that  the  cracks  advanced  somewhat  slowlier  at  shorter  crack  lengths  at 
2090-T8E41  than  at  7075-T6  but  then  propagated  faster  during  the  high  loads  of  the  Gaussian  sequence. 


The  determination  of  da/dN  and  the  representation  of  the  short  and  long  crack  data  on  the  basis  of  AK 
as  derived  from  the  peak-to-peak  stresses  of  the  Gaussian  sequence  hides  important  details  of  the 
actual  cycle-by-cycle  crack  propagation  behaviour.  More  detailed  interpretations  of  the  physical  crack 
propagation  behaviour  are  expected  by  comparisons  of  the  data  with  the  predictions  of  advanced  cycle- 
by-cyclc  propagation  prediction  models  5$  the  FAGTRAN  iTiuuOi  by  u .  Newiiaii  wnere  Lnu  bus  is  is  welt  unuer  - 
stood. 


6.  REFERENCES 

1.  Newman,  J.C.,  Jr.,  Edwards,  P.R.  (coordinators),  Zocher,  O.H.  (chairman):  Short-Crack  Growth  Behaviour 
in  an  Aluminum  Alloy  -  an  AGARO  Cooperative  Test  Programme,  AGARD  Rep.  No,  AGARD-R-732,  Neuilly  sur 
Seine,  France,  1988. 


4-5 


2.  Doker,  H.  Bm.  rann,  V.:  Determination  of  Crack  Opening  Load  by  Use  of  Threshold  Behaviour,  ASTM-STP 
982:  Mechanics  jf  Fatigue  Crack  Closure  (J.C.  Newman,  Jr.,  W.  Elber,  eds.),  American  Society  for 
Testing  ana  ,'L.terials,  Philadelphia,  1987,  pp.  247-259. 

3.  Herman,  W.A.,  Hertzberg,  R.W.,  Jaccard,  R.:  A  Simplified  Laboratory  Approach  for  the  Prediction  of 
Short  Crack  Behaviour  in  Engineering  Structures,  Fatigue  and  Fracture  of  Engineering,  Materials  and 
Structure,  1988  (11),  pp.  303-320. 

4.  Marci,  G.,  Castro,  D.E.,  Bachmann,  V.:  Fatigue  Crack  Growth  Rates  as  a  Function  of  AK:  Variability 

and  Material  Properties,  Proc.  Int.  Conf.  on  "Spacecraft  Structures  and  Mechanical  Testing",  Noordwijk, 
Netherlands,  19-21  Oct.  1988. 

5.  Peters,  M.,  Helpmann,  K.,  McDarmaid,  D.S.,  ‘t  Hart,  W.G.J.:  Fatigue  Properties  of  Al-Li  Alloys,  AGARD 
Specialists’  Meeting  on  New  Light  Alloys,  Mierlo,  Netherlands,  3-5  Oct.  1988,  to  be  published. 


7.  ACKNOWLEDGEMENTS 

The  authors  should  like  to  thank  Dr.  M.  Peters  for  fruitful  discussions  of  the  test  results  and  Mrs. 
Ch.  Kotauschek  for  preparing  the  manuscript. 


Material 

Const. aopl. load. 

FALSTAFF 

SAUSSIAN  Randoa 

Spec.  No 

S  aax» 

R 

Spec.  No 

S  tax. 

Spec.  No 

S  aax 

(Pa 

(Pa 

MPa 

short  crack 

A55-06 

205 

0.5 

A56-12 

275 

A52-19 

145 

2024-T3 

short  crack 

A57-30 

105 

-I 

A50*01 

170 

A65-05 

125 

short  crack 

A60-10 

170 

short  cr«k 

81424 

210 

r«f  t  crack 

817G2 

190 

short  cracr 

B1713 

190 

20S0-1BE41 

short  crack 

81703 

170 

In  9  crack 

81501 

150 

long  crack 

81305 

120/154/180 

long  crack 

A20 

150 

7075-T6 

long  crack 

A21 

150 
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APPENDIX 


TABLE  1 

Participant  Test  Matrix  on  Short  Crack  Growth  -  Core  Programme  -  after  [11  (a) 
Test-Matrix  of  the  Supplemental  Programme  (b) 


Participant 

Constant  Amplitude  Loading  (a) 

R  *  -2  -1  0  0.5 

HML  HML  DHL  HML 
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(a)  H,  M  and  L  represent  high,  medium  and  low  stress  levels, 
respectively. 

(b)  Tests  conducted  at  R  =  0.1  for  H,  M  and  L  stress  levels. 
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TABLE  2 

Chemical  and  Mechanical  Properties  of  2024-T3 ,  2090-T8E41,  and  7075-T6 
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Figure  !.-  Single  Edge  Notch  Tension  (SENT)  fatigue  specimens  for  short  crack 
tests  (a)  and 

Center  Crack  Tension  (CCT)  fatigue  specimens  for  long  crack  tests  (b). 
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Figure  2.-  Happing  procedure  for  the  documentation  of  the  short  crack 
behaviour  (example). 


Figure  3.-  Cumulative  number  of  peaks  and  throughs  in  GAUSSIAN  sequence 
(I  =•  0.99)  (a)  and  cut-out  of  the  GAUSSIAN  sequence  (b). 
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SUMMARY 

Fatigue  crack  growth  measurements  have  been  made  on  2024-T3  and  2090-T8E41  alumin¬ 
ium  alloys  subjected  to  FALSTAFF,  Inverted  FALSTAFF  and  FELIX  standard  loading  sequences. 
Crack  growth  rates  at  short  crack  lengths  under  FALSTAFF  and  Inverted  FALSTAFF  in 
2024-T3  were  found  to  be  similar  at  each  of  three  applied  stress  levels.  This  result  is 
explained  in  terms  of  crack  opening  stress  levels  and  is  qualitatively  predicted  by  a 
closure  based  crack  growth  model.  Short  fatigue  cracks  were  shown  to  grow  at  stress 
intensity  factors  well  below  the  long  crack  growth  threshold  in  2090-T8E41  alloy  under 
FELIX  loading.  The  short  cracks,  however  grew  initially  perpendicular  to  the  applied 
loading  direction  and  then  abruptly  changed  direction  and  grew  at  60°  to  the  Initial 
crack  direction.  Short  crack  growth  rates  in  2024-T3  and  2090-T8E41  were  compared  and 
found  to  be  similar  if  the  length  of  the  short  cracks  in  the  2090  alloy  were  taken  to  be 
the  length  of  the  crack  projected  onto  the  axis  perpendicular  to  the  loading  direction. 
This  work  represents  the  United  Kingdom  contribution  to  the  supplemental  programme  of  the 
AGARD  coordinated  short  fatigue  crack  growth  investigation. 


1  INTRODUCTION 

The  growth  of  short  fatigue  cracks  has  been  the  subject  of  a  number  of  recent 
investigations.  Many  investigators  have  observed  a  phase  of  rapid  early  crack  growth 
when  cracks  are  relatively  small.  It  was  shown  that  if  conventional  lineal  elastic  frac¬ 
ture  mechanics  were  applied  to  the  observed  crack  growth  rates  then,  for  certain  loading 
conditions,  short  cracks  propagated  faster  than  long  cracks  at  the  same  calculated  stress 
intensity  factor.  This  is  generally  referred  to  as  the  short  crack  anomaly.  In  order  to 
examine  the  conditions  under  which  such  an  anomaly  could  exist,  an  AGARD  coordinated 
international  collaborative  working  group  was  formed.  The  working  group  was  tasked  with 
investigating  under  what  testing  conditions  the  anomaly  was  observed  and  vhat.  were  the 
most  likely  causes  of  the  effect. 

A  collaborative  fatigue  test  programme  was  devised  in  order  to  study  the  behaviour 
of  short  fatigue  cracks.  The  programme  was  split  into  two  parts,  a  core  programme  and  a 
supplemental  programme.  In  the  core  programme  the  participants  undertook  fatigue  testing 
under  common  conditions  using  specimens  manufactured  at  a  single  site  from  a  common  batch 
of  material.  The  main  aims  of  the  core  programme  were  to  check  data  variability  between 
participants,  to  generate  an  extensive  database  of  short  fatigue  crack  growth  and  to  com¬ 
pare  these  data  with  predictions  made  using  an  analytical  crack-closure  model.  The  core 
programme  testing  details  and  results  have  been  published  separately1.  The  main  aim  of 
the  supplemental  programme  was  to  generate  crack  growth  data  for  a  range  of  materials, 
specimen  types  and  load  spectra  of  interest  to  individual  participants  and  to  establish 
the  range  of  conditions  under  which  the  short  crack  anomaly  was  observed.  This  Report 
summarizes  the  UK  contribution  to  the  supplemental  programme.  The  UK  work  was  conducted 
at  the  Royal  Aerospace  Establishment.  The  materials  used  were  2024-T3  aluminium  alloy 
(core  programme  material)  and  2090-T8E41  aluminium-lithium  alloy.  The  load  sequences 
used  wore  Inverted  FALSTAFF  and  FELIX.  In  addition  to  measuring  crack  growth  rates  at 
short  crack  lengths,  comparable  long  crack  data  were  generated  under  the  FELIX  loading 
sequence.  Crack  shapes  and  the  number  of  applied  load  cycles  to  grow  a  crack  across  the 
thickness  of  the  specimens  were  also  investigated.  Crack  growth  data  were  compared  with 
predictions  made  using  the  FASTRAN  closure-based  crack  growth  programme  of  Newman'1. 

2  SPECIMENS  AND  MATERIALS 

Two  specimen  types  were  used  throughout  the  programme.  Short  crack  measurements 
were  made  on  single  side  notch  specimens  of  the  dimensions  given  in  Frg  la.  Long  crack 
growth  measurements  were  made  on  centre  cracked  specimens  of  the  dimensions  given  in 
Fig  lb.  Specimens  were  supplied  ready  machined,  and  chemically  polished  at  the  notches, 
by  USAF  Wright  Aeronautical  Laboratory.  Details  oi  the  manatacturing  routes  are  de&  - 
cribed  in  Ref  1.  Prior  to  fatigue  testing,  an  area  around  the  notch  of  the  short  crack 
specimens  was  lightly  etched  to  reveal  the  microstructure.  Both  short  and  long  crack 
type  specimens  were  tested  using  antibuckling  guides  when  compressive  loading  was  applied. 
The  antibuckling  guides  were  lightly  clamped  to  the  specimens  with  teflon  sheets  inserted 
between,  the  guides  and  the  specimen. 

The  two  materials  used  in  the  UK  supplemental  programme  were  2024-T3  aluminium 
alloy  and  2090-T8E41  aluminium-lithium  alio'. .  The  materials  were  both  supplied  by  HASA- 
Langley  Research  Center  and  their  average  chemical  and  mechanical  properties  are  given  in 
Table  1. 
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FATIGUE  TESTING  PROGRAMME 


All  specimens  were  tested  using  an  INSTRON  lOOkN  electro-hydraulic  fatigue  testing 
machine.  Alignment  of  the  wedge  grips  was  measured  as  part  of  the  core  programme  require¬ 
ments  and  found  to  be  within  the  tolerances  defined.  The  loading  sequences  were  generated 
by  a  Hewlett-Packard  2836  computer.  Achieved  load  levels  were  measured  and  where  neces¬ 
sary  errors  corrected  by  an  amplitude  adaptive  control  loop  within  the  generation  pro¬ 
gramme.  Errors  in  peak  and  trough  values  were  generally  better  than  1%  of  the  demanded 
load  range.  The  loading  frequency  used  throughout  the  programme  was  15  Hz. 

Tests  were  performed  under  Inverted  FALSTAFF  and  FELIX  loading  sequences.  FALSTAFF 
is  a  standard  loading  sequence  which  represents  a  typical  load  history  at  a  lower  surface 
wing  root  on  a  fighter  aircraft.  The  sequence  is  defined  as  a  series  of  35966  load  tran¬ 
sitions  which  constitute  200  aircraft  flights.  Inverted  FALSTAFF  is  a  simple  inversion 
of  the  FALSTAFF  sequence.  Part  of  the  air-ground-air  cycle  and  the  taxiing  loads  are 
applied  in  tension  and  the  gust  and  manoeuvre  loads  are  applied  in  compression,  such  as 
might  be  experienced  by  an  upper  wing  surface.  FELIX  is  a  standard  loading  sequence 
which  represents  a  typical  load  history  for  the  lower  surface  blade  root  on  a  fixed  or 
semi-rigid  rotor  helicopter.  It  consists  of  some  4.5  million  load  transitions  which  con¬ 
stitute  140  aircraft  flights^'  . 

r  ,-ue  tests  wore  carried  out  to  measure  crack  propagation  at  short  and  long  crack 
lengt"  ng  the  specimens  described  in  section  2.  Testing  details  for  short  and  long 
cracks  are  described  in  sections  3.1  and  3.2  respectively. 

3.1  Short  crack  test  programme 

Short  fatigue  crack  growth  measurements  were  made  on  specimens  of  2024-T3  and 
2090-T8E41  under  the  FELIX  loading  sequence.  Measurements  were  also  made  on  specimens  of 
2024-T3  under  the  Inverted  FALSTAFF  loading  sequence.  The  matrix  of  test  conditions  is 
given  in  Table  2.  Test  cycling  was  stopped  periodically  for  the  crack  length  to  be 
measured  using  acetate  replicas.  The  intervals  between  measurements  were  designed  to  pro¬ 
duce  a  minimum  of  20  replicas  per  test.  In  order  to  improve  the  accuracy  of  surface  crack 

length  measurements,  a  tensile  load  was  applied  to  each  specimen  bef  re  replicas  were 
taken.  For  the  FELIX  sequence  this  tensile  load  was  FELIX  level  80  u..ich  represents  about 
80%  of  the  maximum  load  in  the  sequence.  For  Inverted  FALSTAFF  this  load  was  FALSTAFF 
level  2  again  representing  about  80%  of  the  maximum  load  in  the  sequence. 

The  method  of  crack  measurement  was  the  acetate  replica  technique.  Thin  acetate 
strips  were  softened  with  acetone,  bent  to  a  tight  radius  and  inserted  into  the  notch  of 
the  specimen.  The  replica  was  pressed  onto  the  notch  surface  using  a  rod  and  elastic 

bands.  It  was  then  removed  after  3  minutes  and  examined  under  an  optical  microscope. 

If  the  quality  of  the  replica  was  satisfactory,  testing  was  resumed  and  the  crack  length 
measured  using  a  graduated  eyepiece. 

3.2  Long  crack  test  programme 

Long  fatigue  crack  growth  data  were  obtained  for  the  2024-T3  material  under  the 
FELIX  loading  sequence.  The  method  chosen  to  obtain  long  crack  propagation  data  was  that 
of  load  shedding.  The  specimen  (see  Fig  lb)  was  subjected  to  FELIX  loading  with  a  peak 
gross  applied  stress  level  of  110  MPa.  Cracks  were  grown  from  both  ends  of  the  3’ot  until 
they  both  reached  a  length  of  at  least  2  mm.  A  surface  replica  technique  was  used  for 
crack  monitoring;  this  was  similar  to  that  described  for  the  short  crack  programme.  The 
applied  load  levels  in  the  sequence  were  reduced  by  6%  and  the  test  restarted  at  the 
beginning  of  the  FELIX  sequence.  The  cracks  were  grown  this  time  by  a  minimum  of  0.5  mm, 
when  the  load  levels  were  again  reduced  by  6%.  This  procedure  was  repeated  until  a  maxi¬ 
mum  load  level  was  reached  at  which  no  crack  propagation  was  observed  (for  a  period  of 
2.5  million  cycles).  At  this  point  the  load  was  increased  by  6%  and  the  test  continued 
for  a  further  2.5  million  cycles.  During  this  period  no  crack  propagation  was  observed. 
The  loads  were  increased  by  a  further  6%  and  the  cracks  were  observed  to  propagate.  This 
propagation  was  allowed  to  continue  until  the  cracks  had  grown  by  at  least  0.5  mm  at  which 
point  the  load  was  increased  by  6%.  This  process  was  continued  untvl  the  specimen  failed. 

4  FATIGUE  TEST  RESULTS 

4.1  Inverted  FALSTAFF  short  crack  test  results 

Crack  length  measurements  were  made  on  short  crack  type  specimens  of  2024-T3 
material  as  described  in  section  3.  A  plot  of  the  crack  growth  rate  data  obtained  as  a 
function  of  stress  intensity  factor  range  is  presented  in  Fig  2  for  each  of  the  three 
stress  levels  used.  Crack  rates  were  calculated  from  consecutive  replica  crack  length 
measurements.  The  stress  intensity  factor  solution  is  described  ir.  Ref  1.  It  is  based 
on  the  full  applied  stress  range,  ie  from  FALSTAFF  level  1  to  32,  and  on  the  average 
crack  length,  the  average  of  the  crack  lengths  measured  on  consecutive  replicas. 

The  fatigue  endurances  to  initial  crack  and  full  specimen  width  crack  are  presented 
in  Fig  3.  The  results  of  FALSTAFF  tests  obtained  in  the  core  programme  are  also  presented 
In  this  Figure. 
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4.2  FELIX  short  crack  test  results 

Fatigue  tests  using  the  FELIX  sequence  were  carried  out  on  both  2024-T3  and 
2090-T8E41  materials.  The  crack  propagation  results  on  the  2024-T3  material  are  presented 
in  Fig  4.  The  calculation  of  crack  growth  rate  and  stress  intensity  factor  are  as  des¬ 
cribed  in  the  previous  section  for  Inverted  FALSTAFF  loading.  The  total  stress  range  from 
FELIX  level  -28  to  100  was  used  in  the  calculation  of  stress  intensity  factor. 

The  fatigue  tests  using  the  2090-T8E41  material  exhibited  unusual  crack  growth 
behaviour.  With  the  2024-T3  material  cracks  grew  in  an  approximate  straight  line  across 
the  throat  of  the  notch.  With  the  2090-T8E41  material,  cracks  grew  for  a  period  of  time 
across  the  notch  and  then  abruptly  changed  direction  and  grew  at  approximately  60°  to  the 
original  crack.  At  high  applied  stress  levels  the  length  of  crack  prior  to  the  change  in 
direction  was  relatively  small,  whilst  at  low  applied  stress  levels  the  crack  length  was 
somewhat  longer  before  the  abrupt  change  in  direction  occurred.  Photographs  showing  the 
angular  crack  growth  behaviour  and  points  of  crack  initiation  are  presented  in  Fig  5.  In 
order  to  calculate  the  crack  growth  rates  and  stress  intensity  factors  from  replicas,  the 
length  of  crack  was  taken  to  be  the  length  of  the  crack  projected  onto  the  axis  perpen¬ 
dicular  to  the  loading  direction.  Fig  6  shows  crack  growth  rates  as  a  function  of  stress 
intensity  factor. 

4.3  FELIX  long  crack  test  results 

Cracks  were  grown  in  long  crack  type  specimens  (Fig  lb)  as  described  in  section  3.2. 
The  stress  intensity  factor  solution  for  the  long  crack  geometry  is  described  in  Ref  1. 

The  applied  stress  range  once  again  was  from  the  maximum  to  the  minimum  applied  stress  in 
the  FELIX  sequence,  ie  FELIX  level  100  to  FELIX  level  -28.  A  discontinuous  crack  path  was 
observed  on  one  side  of  the  specimen  as  illustrated  in  Fig  7,  conventional  crack  growth 
was  observed  on  the  opposite  side.  As  the  loads  were  progressively  shed  the  crack  growth 
became  more  conventional  on  both  sides  of  the  specimen,  ic  one  discrete  crack  was  observed 
which  grew  along  a  continuous  path.  As  the  load  was  increased  following  the  threshold 
value  being  obtained,  the  discontinuous  type  of  crack  growth  observed  earlier  (see  Fig  7) 
was  once  again  noted.  In  this  regime  a  crack  appeared  slightly  ahead  of  and  above  or 
below  the  main  crack.  This  small  crack  then  grew  both  towards  and  away  from  the  continu¬ 
ous  crack  until  it  joined  up  to  it.  This  discontinuous  crack  path  was  associated  w. th  the 
shear  lip  seen  in  Fig  8  where  the  point  of  breakthrough  to  the  surface  was  highly  depen¬ 
dent  on  the  local  microstructure.  Crack  lengths  were  measured  from  the  initial  slot  to 
the  tip  of  any  observable  crack  on  both  sides  of  the  specimen  and  the  average  value  was 
recorded.  The  results  of  the  long  crack  propagation  test  are  shown  in  Fig  9  along  with 
those  of  the  short  crack  tests  described  in  section  4.1. 

5  DISCUSSION  OF  RESULTS 

5.1  Inverted  FALSTAFF  loading 

Crack  propagation  data  obtained  under  Inverted  FALSTAFF  loading  at  three  different 
applied  stress  levels  are  presented  in  Fig  2.  As  can  be  seen  from  this  Figure,  for  any 
value  of  stress  intensity  factor  range,  cracks  propagated  fastest  at  the  highest  applied 
stress  level  anc.  slowest  at  the  lowest  applied  stress  level  (eg  AK  =  8  MPa.m?  as  shown 
by  the  dotted  line) .  This  means  that  for  a  given  value  of  stress  intensity  factor  short 
cracks  propagated  faster  than  long  cracks.  It  is  apparent  therefore  that  the  so-called 
short  crack  anomaly  was  observed  under  Inverted  FALSTAFF  loading.  Similar  observations 
were  made  in  the  core  programme  with  the  normal  FALSTAFF  loading  sequence. 

Crack  propagation  rates  calculated  from  the  Inverted  FALSTAFF  loading  tests  are  com¬ 
pared  with  those  from  equivalent  FALSTAFF  core  programme  tests  in  Figs  10,  11  and  12, 
for  the  three  peak  stress  levels  of  275  MPa,  205  MPa  and  170  MPa  respectively.  The  peak 
stress  levels  refer  to  maximum  compressive  gross  section  stress  for  the  Inverted  FALSTAFF 
tests  and  maximum  tensile  gross  section  stress  for  the  FALSTAFF  loading  tents.  As  can  be 
seen  from  Figs  10  and  11,  for  peak  stress  levels  of  275  and  205  MPa  the  crack  propagation 
rates  for  FALSTAFF  and  Inverted  FALSTAFF  are  very  similar.  For  the  lowest  stress  level  of 
170  MPa  (Fig  12),  the  range  of  stress  intensity  factors  for  the  normal  and  Inverted 
FALSTAFF  sequence  only  just  overlap  and  it  is  therefore  not  possible  to  say  if  the  crack 
propagation  rates  are  similar  in  both  cases.  For  the  limited  data  where  the  t> K  values 
do  overlap,  the  crack  propagation  rates  appear  to  be  similar. 


The  number  of  cycles  taken  to  initiate  a  crack  (the  first  observed  crack,  20-50  um) 
and  to  propagate  it  across  the  width  of  the  specimen  are  shown  in  Fig  3  for  FALSTAFF  and 
Inverted  FALSTAFF  sequences.  The  number  of  cycles  to  initiate  and  propagate  cracks  to 
full  wiulh  uftdtsi  FALSTAFF  and  Inverted  FALSTAFF  loading  are  Similar  at  the  tWO  higher 
stresses.  At  the  lowest  stress  level,  however,  the  number  of  cycles  to  initiate  cracks 
are  greater  for  Inverted  FALSTAFF  loading.  It  can  be  concluded  that  crack  initiation  and 
growth  is  similar  under  FALSTAFF  and  Inverted  FALSTAFF  loading  at  the,  higher  applied 
stress  levels  but  that  the  FALSTAFF  sequence  is  more  damaging  than  the  Inverted  FALSTAFF 
sequence  at  the  lowest  stress  level. 

When  comparing  normal  FALSTAFF  tests  with  Inverted  FALSTAFF  tests,  it  should  be 
remembered  that  the  stress  intensity  factor  ranges  (AK)  applied  in  both  test  sequences 
are  the  same.  However,  the  value  of  AK  experienced  at  the  crack  tip  will  depend  on 
crack  opening  stress  levels.  Fig  13  shows  crack  opening  stress  levels  calculated  for  both 


5-4 


the  Inverted  and  normal  FALSTAFF  sequences,  using  the  FASTRAN  programme  based  on  the 
crack  closure  model  described  in  Ref  4.  The  opening  stress  levels  are  shown  up  to  a 
crack  length  of  0.5  mm  which  is  of  the  order  of  the  maximum  crack  length  used  to  deter¬ 
mine  the  crack  growth  data  shown  in  Fig  2.  Generally  multiple  cracks  initiated  in  the 
notches  and  data  for  cracks  of  greater  than  0.5  mm  length  were  discarded  due  to  crack 
interaction  effects.  The  criteria  for  rejecting. data  due  to  crack  interactions  are  des¬ 
cribed  in’ Ref  1.  As  can  be  seen  in  Fig  13  for  Inverted  FALSTAFF  loading  the  crack  open¬ 
ing  stress  levels  remain  entirely  in  compression  whilst  cracks  grow  to  0.5  mm.  In  con¬ 
trast,  the  opening  stress  levels  for  the  FALSTAFF  sequence  start  in  compression  but 
become  tensile.  The  effective  stress  range  experienced  by  the  crack  tip  is  from  the 
solid  line  to  the  dotted  line,  as  shown  by  the  shaded  areas  in  Fig  13.  A  comparison  of 
the  shaded  areas  and  the  peak-trough  distributions  for  FALSTAFF  and  Inverted  FALSTAFF 
load  sequences  indicates  that  the  stress  ranges  experienced  by  the  crack  Mp  are  similar 
for  both  sequences,  particularly  for  cracks  up  to  250  urn  long  and  peak  stresses  of 
,?5  MPa  and  205  MPa.  This  accounts  for  the  experimental  observations  described  earlier 
•■hereby  the  damaging  effect  of  the  FALSTAFF  and  Inverted  FALSTAFF  sequences  were  similar 
at  short  crack  lengths.  The  situation  Is  less  clear  in  the  case  of  a  peak  stress  of 
170  MPa.  Further  work  to  assess  the  relative  fatigue  damage  caused  by  these  two  sequences 
is  planned. 

5.2  FELIX  loading 

The  results  of  the  FELIX  tests  using  the  2024-T3  core  programme  material  are  pre¬ 
sented  in  Fig  4.  The  results  are  for  three  applied  stress  levels  with  only  one  specimen 
per  stress  level.  There  is  no  evidence  of  a  stress  level  effect  as  was  observed  under 
FALSTAFF  and  Inverted  FALSTAFF  loading.  The  results  of  the  FELIX  tests  using  the 
2090-T8E41  material  are  presented  in  Fig  6.  In  this  case,  ho  .ever,  a  slight  stress  level 
effect  is  observable,  where  for  a  given  iK  ,  cracks  tested  at  the  higher  stress  levels 
(shorter  cracks)  propagate  faster  than  those  tested  at  the  lower  stress  levels  (longer 
cracks) . 


The  crack  propagation  rates  observed  in  the  twc  alloys  were  similar  (see  Fig  14) . 
This  is  perhaps  surprising  since  cracks  in  the  2090-T8E41  al1 jy  grew  predominantly  at 
approximately  60°  to  the  normal  crack  growth  axis.  One  might  expect  that  the  degree  of 
crack  closure  would  be  different  in  the  two  materials  and  that  cracks  in  the  2090-T8E41 
alloy  would  not  be  propagating  under  purely  mode  I  conditions.  The  cause  of  this  angular 
crack  growth  is  not  fully  understood,  but  appears  to  be  related  ic  the  strong  deformation 
textures  observed  (described  in  Ref  5!  .  .(owever,  the  situation  is  complicated  by  the 
presence  of  a  steep  texture  gradient  from  surface  to  mid-plane  of  the  2090-T8E41  sheet. 

The  lengtn  of  initial  crack  perpendicular  to  the  load  axis  was  dependent  on  applied  stress 
level;  the  longest  initial  crack  was  observed  ->t  the  lowest  stress  level.  As  the  stress 
level  increased,  the  length  of  initial  ”ack  ts-croased.  This  suggests  that  there  may  be 
a  threshold  K  level  below  which  tracks  will  grow  entirely  perpendicular  to  the  load  axis. 

The  long  crack  FELIX  data  obtained  for  2090-T8E41  material  is  presented  in  Fig  15. 

It  is  obvious  that  the  decreasing  lead  crack  growth  rate  data  is  somewhat  faster  than  the 
increasing  load  data  at  the  ;ame  stress  intensity  factor  range.  There  are  a  number  of 
possible  explanations  for  this  observed  tre-d.  FELIX  is  an  extremely  long  sequence 
(4.5  x  10°  turning  points)  which  is  reasonably  veil  mixed.  However,  the  number  of  applied  load 
cycles  at  a  given  stress  level  is  considerably  greater  in  the  decreasing  load  phase  than 
in  the  increasing  load  rhaso  due  to  the  change  in  crack  length.  In  both  cases’ the 
number  of  cycles  is  considerably  less  than  one  complete  FELIX  sequence.  It  is  possible 
therefore,  that  the  relatively  small  number  of  load  cycles  at  the  start  of  the  FELIX 
sequence  applied  in  the  increasing  load  tests  are  less  damaging  per  cycle  than  the  some¬ 
what  longer  FELIX  sequence  applied  in  the  decreasing  load  phase.  The  fatigue  test  lasted 
for  approximately  six  months  and  it  is  possible  that  changes  in  crack  closure  levels 
occurred  due  to  corrosion  products.  Changes  in  the  nature  of  the  fracture  surface  with 
applied  load  during  testing,  ie  presence/absence  of  shear  lip,  may  also  have  affected 
crack  closure  levels. 


The  long  and  short  crack  data  under  FELIX  loading  of  the  2090-T3E41  alloy  are  com¬ 
pared  in  Fig  8.  It  is  clear  that  short  cracks  propagate  at  stress  intensity  factors  well 
below  the  long  crack  threshold.  At  stress  Intensity  factors  above  the  threshold  value, 
however,  the  short  and  long  crack  growtli  data  are  similar.  The  short  crack  effect  has, 
therefore,  been  demonstrated  uno.ur  these  testing  conditions  and  a  similar  effect  is 
expected  for  2.J24-T3  alloy  under  FELIX  loading.  Comparative  long  crack  data  on  2024-T3 
alloy  has  not  yet  been  generated  but  will  be  included  in  a  subsequent  report  together 
with  analysis  of  the  FELIX  test  results  using  the  FASTRAN  programme  of  Newman. 

6  CONCLUSIONS 


FALSTAFF  and  Inverted  FALSTAFF  leading  seefuenves  can  be  equally  damaqlna  at  short 
crack  lengths.  A  crack  closure  model  has  been  used  to  qualitatively  explain  this 
observation. 


(b)  Crack  growth  data  obtained  with  single-edge-notch  tension  short  crack  specimens 
showed  that  crack  growth  rates  at  a  given  stress  intensity  factor  were  faster  for 
short  cracks  than  for  long  cracks  propagating  under  Inverted  FALSTAFF  loading  in 
2024-T3  alloy.  In  the  case  of  2090-T8E4I  alloy  urder  FELIX  loading  there  was  evi¬ 
dence  of  a  similar  effect  but  appeared  to  be  much  less  marked. 
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(c)  Short  cracks  grew  initially  at  90°  to  the  load  axis  and  subsequently  at  60°  to  the 
initial  crack  in  2090-T8E41  alloy  under  FELIX  loading.  As  the  peak  applied  stress 
level  decreased,  the  extent  of  initial  crack  growth  perpendicular  to  the  load  axis 
increased. 

(d)  Crack  growth  rates  in  the  two  alloys  2024-T3  and  2090-T8E41  were  similar  under 
FELIX  loading  if  the  projection  of  the  crack  length  onto  an  axis  perpendicular  to 
the  loading  axis  in  the  2090-T8E41  alloy  was  used. 

(e)  Short  cracks  propagated  at  stress  intensity  factors  well  below  the  long  crack 
threshold  in  tests  under  FELIX  loading  using  2090-T8E41  alloy. 
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NOMINAL  CHEMICAL  COMPOSITION  AND  AVERAGE  MECHANICAL  PROPERTIES  OF  2024-T3  AND 
2090-T8E41  ALUMINIUM  ALLOY  SHEET 

NOMINAL  CHEMICAL  COMPOSITION  OF  2024-T3  AND  2090-T8E41  ALUMINIUM  ALLOY  SHEET 


Element 

per  cent 

2024-T3 

2090-T8E41 

Lithium 

1.9  to  2.6 

Silicon 

0.16 

Iron 

0.33 

0.12 

Copper 

4.61 

2.4  to  3.0 

Manganese 

0.57 

0.05 

Magnesium 

1.51 

0.25 

Chromium 

0.02 

0.05 

Zinc 

0.06 

Titanium 

0.15 

Zirconium 

0. 1C 

Aluminium 

Balance 

— 

Balance 

AVERAGE  MECHANICAL  PROPERTIES  OF  2024-T3  AND  2090-T8E41 
ALUMINIUM  ALLOY  SHEET  IN  L-T  DIRECTION 


Material 

Ultimate 

tensile 

strength 

MPa 

Yield  stress 
(0.2  per  cent 
offset) 

MPa 

Modulus  of 
elasticity 

MPa 

Elongation 
(51  mm  gauge 
length) 
per  cent 

2024-T3 

495 

355 

72000 

21 

2090-T8E41 

580 

525 

78200 

5 

Table  2 

FATIGUE  TEST  MATRIX 


i 

Short/Long 

Alloy 

Peak  stress 
(gross) 

MPa 

Short 

2024-T3 

Inverted 

FALSTAFF 

-275 

-205 

-170  ! 

Short 

2024-T3 

FFLIX 

200  | 

185 

170  ! 

155 

Short 

2090-T8E41 

FELIX 

240 

225 

210 

195 

1 

Long 

2090-T8E41 

FELIX 

Load  shed  j 

1 

Copyright 

© 

Controller  HUSO  London 
JOSS 


Crack  rate  daz'd!!  tmnreyc 


Grlpltae 

Thickness  2.3mm 


a)  Short  crack  specimen 
180mm 


Thickness  2  3mm 


bJ  Long  crack  specimen 

Fig  1  Fatigue  test  specimens 
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first  crack  "1 

. . 

r/v-swr 

H 

full  width  erach  J 

C  ■  ~o 

first  crack 

Inv  rnLSTftff 

o-— -o 

fwl 1  width  crack  J 

X 

Rg  3  life  to  first  Cf3Ck  and  tuB  width  crack  •  FALSTAFF 
and  inverted  FALSTAFF  loading 


x  -Z7;  K>c 
C  -205  V?o 


Range  of  stress  intensity 
factor  &K  CKP*./TT) 

Fig  2  Short  crack  propagation  rates  inverted 
FALSTAFF  loading  -  2024-T3 


Range  of  stress  Intensity 
factor  &K  (KPa./K) 

Fig  4  Short  Cf3C)<  propagalon  rates  Felx  looting 
2024-T3 


195  MPa 


210  MPa 
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Crack  length  2.28mm 
Cycles  639952 


Crack  length  3.20mm 
Cycles  964810 


Crack  length  4.28mm 
Cycles  1443586 


Crack  length  5.61mm 
Cycles  2411794 


Fig  7  Crack  path  in  long  crack  2090-T8E41  FELIX  specimen 


Extent  of  shear  Ip 


H — 2mm  — H 

Fig  8  Fracture  surface  ol  long  crack  specimen  •  FELIX  loading  -  2990-T8E41 
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SHORT  CRACK  GROWTH  UNDER  REALISTIC  FLIGHT  LOADING: 

MODEL  PREDICTIONS  AND  EXPERIMENTAL  RESULTS  FOR  AL  2024  AND  AL-U  2090 

by 

A.F.  BIOS) 

Structures  Department 

The  Aeronautical  Research  Institute  of  Sweden  (FFA) 

P.O.  Box  11021,  S-161  11  Bromna 
Sweden 


SUMMARV 

The  Swedish  contribution  to  the  AGARD  effort  on  short  fatigue  crack  growth  includes  various  experi¬ 
mental  investigations  on  the  aluminium  alloys  A!  2024-Tj  and  Al-Li  2090-T8E41.  These  two  materials  were 
subjected  both  to  constant  amplitude  loading,  at  stress  ratios  R  =  -?,  -1,  0  and  O.S  and  also  to  spectrum 
loading  with  the  standardized  load  sequences  FALSTAFF  and  THIST,  representative  for  tne  lower  wiftg 
surface  of  fighter  and  civil  aircraft,  respectively.  The  TWIST  sequence  was  also  used  to  generate  long 
crack  growth  data  for  the  two  alloys. 

This  paper  summarizes  the  experimental  results  and  also  includes  numerical  predictions  by  means  of  a 
modified  Ougdale-Barenblatt  model  originally  proposed  by  Newman.  Numerical  results  correspond  well  to  the 
observed  experimental  behaviour  for  most  of  the  performed  tests. 


1.  INTRODUCTION 

Short  fatigue  cracks  have  been  a  primary  topic  for  fatigue  related  research  during  the  past  several 
years,  as  evidenced  from  two  recent  books  on  the  subject  area  [l,  2).  It  is  now  well  documented  that 
differences  in  behaviour  between  long  and  short  cracks  are  due  to  a  number  of  reasons,  including  both 
mfcrostructural  and  mechanical  aspects.  The  accumulated  knowledge  regarding  short  fatigue  crack  growth 
behaviour  is  still  essentially  restricted,  however,  to  constant  amplitude  loading.  Although  clearly  of 
large  academic  interest,  such  loading  conditions  are  hardly  representative  for  the  vast  majority  of 
mechanical  components  which  are  invariably  subjected  to  more  or  less  complex  load  spectra.  Some  early 
investigations  on  short  crack  behaviour  under  spectrum  conditions  were  presented  at  the  AGARS  Structures 
and  Materials  Panel  (SMP)  Specialists'  Meeting  (3).  However,  some  of  those  investigations  were  indeed 
rather  contradictory  as  to  whether  there"  actually  does  exist  a  short  crack  effect  under  spectrum  loading. 
Consequently,  an  AGARD  Cooperative  Test  Programme  was  initiated  with  12  laboratories  from  nine  different 
countries  participating. 

The  core  programme,  which  encompassed  testing  on  the  aluminium  alloy  A1  2024-T3,  fs  now  evaluated 
and  reported  [4],  It  was  found  that  short  cracks  grew  faster  than  long  cracks  at  the  same  nominal  stress 
intensity  range  for  FALSTAFF  and  GAUSSIAN  loading,  i.e.  the  so-called  short  crack  anomaly  did  occur  for 
these  load  spectra. 

Besides  from  the  experimental  results  themselves,  an  important  outcome  of  the  core  programme  was 
that  the  snort  crack  growth  data  from  the  various  participants  agreed  well  for  both  constant  amplitude 
and  spectrum  load  conditions.  Also,  all  participants  showed  about  the  same  amount  of  scatter  in  growth 
rate  data.  Several  measures,  however,  were  taken  prior  to  testing  in  order  to  achieve  uniformity  in  test 
conditions.  These  included  distribution  of  machined  specimens  cut  and  manufactured  from  the  same  batch  of 
material,  certain  alignment  procedures  of  test  machines  and  gripping  fixtures,  independent  on-line 
spectrum  loading  accuracy  verification  etc.,  see  Ref.  [4)  for  details. 

In  the  supplemental  programme,  the  test  matrix  was  expanded  to  include  both  other  materials,  e.g. 
A1  7075-T6,  Al-Li  2090-T8F41,  Ti-6A1-4V  and  4340  Steel,  and  other  load  spectra,  e.g.  TWIST,  HELIX  and 
inverted  FALSTAFF.  The  various  participants  have  chosen  different  materials  and  test  conditions  depending 
on  specific  interest. 

This  paper  summarizes  the  Swedish  part  of  the  supplemental  programme.  The  experimental  work  involves 
the  same  A1  2024-T3  alloy  as  tested  in  the  core  programme,  but  subjected  to  TWIST  loading.  An  aluminium- 
lithium  alloy,  2090-T8E41,  was  also  investigated  under  both  constant  amplitude  loading,  at  R  *  <n(n/cjnax= 
*  0.5,  and  under  THIST  and  FALSTAFF  spectrum  loading.  Besides  from  the  experimental  data,  numerical  pre¬ 
dictions  by  a  modified  Ougdale-Barenblatt  model  are  included.  Model  predictions  are  performed  both  for 
sP  the  various  test  conditions  in  the  core  programme  and  also  for  the  supplemental  testing  of  the  A1 
2024-T3  alloy. 


2.  EXPERIMENTAL  PROCEDURES 

As  the  experimental  procedures  used  for  the  work  in  the  supplemental  programme  are  largely  similar 
to  those  in  the  core  programme,  only  the  rest  basic  information  will  be  given  below.  For  specific 
details,  see  Ref.  [4]. 


2.1  Test  Specimens 

--  All  short  crack  growth  tests  were  carried  out  using  single  edge  notch  specimens.  The  semi-circular 
notch  had  a  radius  of  3.18  mm  resulting  in  an  elastic  stress  concentration  Kt*  3.17,  based  on  gross- 
section  stress.  The  305  mm  long  and  50  to  wide  specimens  were  cut  from  sheets,  of  2.3  m  (A1  2024-T3)  and 
2.15  mm  (Al-Li  2090-T8E41)  thickness,  so  that  the  loading  direction  was  applied  in  the  rolling  direction 
of  the  materials,  i.e.  L-T  orientation. 
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For  the  long  crack  growth  data  obtained  under  load  shedding  of  the  TWiST  spectre®,  conventional 
centre-cracked  specimens  of  76.2  si*  wfdih,  L-T  orientation,  were  ustd- 


2.2  Materials 


A  detailed  micros tructural  description  of  the  A1  2024-T3  alloy  is  giv>n  in  Annex  A  of  Ref.  [4j.  The 
ultimate  tensile  strength  is  435  H?a,  yield  strength  is  355  H?a  and  elongation  is  21%.  The  grain  sice  in 
the  rolling  direction  is  about  9E  no.  Typical  grain  dimensions  in  the  crock  growth  directions,  2a  aid  c, 
arc  25  pn  and  55  pm,  respectively. 

The  Al-Li  2090-T8E41  a"  toy  was  obtained  from  the  United  Sta>s  Air  Force  Wright  Aeronautical  Labora¬ 
tories.  The  ultimate  tens'  le  strength  is  568  M?a,  yield  strength  fs  526  tf?a  ano  elongation  is  5%  ,!5j. 
Further  details  on  the  same  aluminium-lithium  alloy  can  be  found  in,  for  example.  Ref.  ;6j.  Ine  sheet, 
which  is  in  the  un-recrystallized  form,  has  a  very  strongly  developed  deformation  texture  that  changes 
its  type  from  the  surface  to  the  mid-plane  (7).  This  texture  is  related  to  the  rechanica)  anisotropy  in 
the  material.  It  is  reported  that  the  yield  strength  is  about  15%  lower  <n  the  50°-plane  where  the 
ductility  is  largest  [5]. 


2.3  Test  Equipment 

All  tests  were  performed  in  MTS  servohydraul ic  testing  machines  in  ambient  laboratory  air.  Hydraulic 
grips  were  used  throughout  and  anti-buckling  guides,  with  teflon  sheets,  were  used  for  all  cons's.it 
amplitude  tests  at  negative  stress  ratios  and  for  all  spectrum  tests.  Constant  amplitude  test>  were  run 
at  cyclic  frequencies  in  between  5  to  20  Hz.  Spectrum  tests  were  performed  with  -onst.-nt  displacement 
-tes  resulting  in  frequencies  around  10  Hz.  Prior  to  testing  the  test  machines _and  the  gripping  fixtures 
were  aligned  in  accordance  with  the  methodology  described  in  Annex  C  in  Ref.  (4). 


2.4  Loading  Conditions 

in  the  core  programme  the  A1  2024-T3  alloy  was  tested  at  R  =  0,  -1,  -2  and  with  FALSTAFF.  Other 
participants  also  investigated  R  =  0.5  and  GAUSS I AH  loading.  For  each  test  condition  three  different  load 
levels  were  used.  These  are  given  in  Table  6  in  Ref.  (4). 

In  the  supplemental  programme  the  A1  2024-T3  alloy  was  also  investigated  under  TWIST  spectrum 
loading  with  maximum  gross  stress  levels  of  225  and  275  MPa.  The  Al-Li  2090-T8E41  a  loy  was  tested  at 
R  -  0.5,  with  maximum  gross  stress  levels  of  ISO,  180  and  200  MPa,  with  FALSTAFF,  vith  maximum  gross 
stress  levels  of  200  and  240  MPa,  and  with  TWIST  at  a  maximum  gross  stress  lf’el  of  240  MPa. 

FALSTAFF  (8,  9]  is  a  standardized  load  spectrum,  based  on  a  large  number  of  actual  flight  load-time 
histories  pertaining  to  five  different  fighter  aircraft  types  operated  by  three  different  air  forces, 
representative  of  the  load-tine  history  in  the  lower  wing  skin  near  the  wing  root  of  a  fighter  aircraft. 
The  total  sequence,  constituting  200  flights,  consists  of  35  996  half  cycles  distributed  over  32  dif¬ 
ferent  load  levels  as  indicated  in  the  cumulative  exceedance  distribution  shown  in  Figure  1(a).  An 
example  of  typical  flights  is  shown  in  Figure  Kb).  The  severity  of  the  spectrum  is  here  identified  by 
the  stress  which  the  test  specimen  experiences  at  the  highest  load  level  in  the  total  sequence.  During 
the  coie  progran»»t,  the  ability  to  accurately  apply  the  FALSTAFF  loading  sequence  was  independently 
checked,  see  Annex  0  in  Ref.  [4j,  with  a  good  set  of  results  as  outcome. 

TWIST  (10,  11 ]  is  also  a  standardized  load  spectrum.  It  is  representative  for  the  load  history  of 
the  wing  root  of  transport  aircraft  and  is  based  on  center  of  gravity  measurements  on  0C-9,  Boe'ng  737, 
8AC  1-11  and  the  military  transport  Transall,  and  on  theoretical  frequency  distribution  of  DC-10,  Fokker 
F-27  and  F-28  aircraft.  The  total  sequence,  with  a  return  period  length  of  4000  flights,  consists  of 
398  665  load  cycles  distributed  over  ten  different  flights.  The  load  spectrum,  based  on  a  level  crossing 
count  of  gust  load  cycles  and  Lie  ground  to  air  cycles,  is  shown  as  a  cumulative  exceedance  distribution 
in  Figure  2(a)  and  the  first  150  cycles  of  flight  type  H  are  shown  in  Figure  2(b).  Taxi  loads  are  emitted 
in  TWIST.  The  severity  of  the  spectrum  is  here  identified  in  analogy  to  the  FALSTAFF  sequence  above,  i.e. 
by  the  stress  level  related  to  the  highest  load  level  tn  the  total  seouence. 


2.5  Short  Crack  Measurements 


All  measurements  of  short  crack  growth  datu  were  performed  with  a  plastic  replica  method  as  outlined 
in  Annex  E  of  Ref.  [4J.  It  was  found  Uiat  best  results  were  obtained  when  the  specimens  were  not  etched 
prior  to  testing. 

For  each  test  condition,  i.e.  combination  of  loading  and  applied  stress,  two  different  sorts  of 
tests  were  performed,  Firstly,  in  order  to  obtain  surface  crack  length  versus  no.  of  load  cycles  data, 
one  specimen  was  tested  until  one  continuous  Croix  was  all  the  way  across  the  notch  root.  The  specimen 
was  then  statically  pulled  to  failure.  Secondly,  in  order  to  obtain  information  on  surfac*  crack  length 
to  crack  depth  shape,  one  specir-n  was  tested  until  the  total  surface  crack  length  alomj  the  bore  of  the 
notch  was  between  0.5  and  1.0  me.  Then,  the  specimen  was  broken  statically 

Measurement  results  were  recorded  on  data  charts,  as  shown  in  Figures  12  and  14  of  Ref.  14],  giving 
a  means  to  illustrate  both  tie  exact  shape  of  the  cracks  and  the  growtn  behaviour  in  the  case  of  several 
cracks.  Crack  lengths  use  for  data  evaluation  are  the  projected  crack  lengths  normal  to  the  loading 
axis.  Crack_  growth  rates  ....j  stress  intensity  factors  were  calculated  according  to  section  3.5  and  Annex 
F  of  Ref.  1.4 J.  The  non-interaction  criteria  given  in  section  4.2  of  that  reference  were  applied  to  the 
raw  data,  which  significantly  reduced  the  total  amount  of  scatter  in  the  data. 
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2.6  Long  Crack  Measurements  ' 

The  TWIST  load  sequence  was  applied  to  centre  cracked  specimens  in  order  to  obtain  long  crack  growth 
data  os'er  n  wide  range  of  crack  growth  rates.  This  was  done  by  firstly  load  shedding  the  total  sequence 
•‘o*n  to  the  threshold  regime  and  then  increasing  the  reference  load  by  a  certain  fraction  to  obtain  era.!: 
growth  data  under  f.'C-if.Creasing  conditions  until  fracture  occurred.  The  load  shedding  was  performed  by 
reducing  the  reference  load  with  5C  cf  the  immediately  prior  load  level  after  a  crack  growth  increment  of 
(!,'■  rm.  The  tesl  procedure  is  extremely  tedious  with  some  tests  running  up  to  six  tenths.  The  same  sort 
of  experiments  were  performed  on  FALSTAFF,  but  with  larger  load  reduction  in  each  step.  Annex  G  of  Ref. 
(4j,  and  on  the  GAUSSIAN  load  sequence  with  a  fixed  load  decrement,  Annex  H  of  Ref.  (4 j. 


3.  NuiiEFlCAL  MODELLING 

Although  both  microstructura!  and  statistical  codels  have  been  proposed  to  account  for  short  crack 
effects,  e.g.  [l, ' 2 J,  these  have  in  common  that  they  rely  on  extensive  experimental  data  to  fit  various 
constants  in  the  derived  crack  growth  equations.  From  a  mechanistical  point  of  view,  the  very  origin  of 
the  small  crack  effect  arises  primarily  from  the  lack  of  an  appropriate  crack  driving  force  for  short 
cracks.  This  problem  is  both  related  to  the  inability  of  the  elastic  stress  intensity  factor  to  describe 
the  crack  tip  fields  when  the  crack  is  small  compared  to  mfcrostructural  features  or  the  crack  tip 
plastic  zone  size,  and  that  crack  tip  shielding  mechanisms  are  not  fully  developed  for  short  cracks  (12). 
These  latter  mechanisms,  principally  involving  crack  closure  in  its  various  forms,  were  recently  found  to 
be  the  primacy  cause  for  differences  in  the  behaviour  between  long  and  short  cracks  [12  J. -However,  as 
cracks  of  small  size  were  found  to  propagate  below  the  effective  threshold  stress  intensity  range,  such 
other  factors  as  mentioned  above  are  clearly  relevant. 

In  the  following,  only  plasticity-induced  crack  closure  will  be  used  as  a  basis  for  modelling  of 
short  crack  effects-  This  is  because  tin’s  form  of  crack  closure  is  the  only  one  that  can  be  used  to 
predict  the  development  of  closure  with  increasing  crack  length  in  a  quantitative  way,  as  evidenced  from 
recent  finite  element  modelling  [12-14 ].  However,  it  should  be  pointed  out  that  measured  closure  levels 
(in  plane  strafn)  were  found  to  be  significantly  higher  than  numerical  plane  strain  predictions  [12,  14). 
Such  discrepancies  were  attributed  to  the  fact  that  the  primary  contribution  to  closure  at  near- threshold 
levels,  where  short  crack  effects  mostly  are  observed,  in  the  investigated  A1  2124  alloy  is  due  to 

roughness- induced  closure.  The  relative  importance  of  various  types  of  crack  closure  was  investigated  by 
studying  both  underaged  and  overaged  microstructures  [12,  14). 

Despite  such  shortcomings  as  contioned  above,  the  plasticity-induced  crack  closure  concept  has  been 
utilized  in  the  core  programme  of  the  current  AGARD  activity  with  very  good  results  [4].  The  model  used, 
originally  developed  by  Hewraan  [15]  and  already  applied  to  short  cracks  in  Refs.  [16,  17),  is  based  on 
the  Ougdale  model  but  modified  to  leave  plastically  deformed  material  in  the  wake  of  the  crack.  Here,  an 
extension  of  this  model  [l8]  to  include  the  concept  of  weight  functions  in  order  to  facilitate  the 

analysis  of  any  two-dimensional  geometry  is  used  to  evaluate  experimental  data  from  both  the  core 

programme  and  the  supplemental  programme.  The  utilized  model  has  been  verified  [18 j  for  both  plane  stress 
and  plane  strain  computations  of  crack  closure  in  a  CT-specimen  subjected  to  constant  amplitude  loading 
at  different  stress  ratios  by  comparing  the  results  with  those  earlier  obtained  by  elastic-plastic  finite 
element  modelling  f  19,  20).  Further  on,  the  model  has  been  used  very  successfully  to  predict  the 

transient  crack  growth  rate  response  of  a  titanium  alloy  following  various  overloads  [21 ]. 

Numerical  predictions  presented  subsequently  have  been  performed  with  the  same  input  parameters, 
regarding  effective  crack  growth  properties  etc.,  for  the  A1  2024-T3  alloy  as  in  Ref.  [4).  This  also 
means  that  plane  strain  conditions  have  been  assumed  for  short  crack  growth  under  all  loading  con¬ 
ditions. 


4.  RESULTS 

Below  will  results  from  both  the  core  programme  and  the  supplemental  programme  be  given.  As  all 
the  experimental  data  of  the  core  programme  have  already  been  included  in  Ref.  [4],  a  detailed  account 
will  not  be  repeated  here.  Instead,  the  performed  numerical  predictions  will  ee  presented  and  compared  to 
the  data  in  Ref.  [4]  and  to  the  calculations  included  therein. 


4.1  Core  Programme 

Identical  computations  as  those  performed  in  Ref.  [4]  were  carried  out  to  evaluate  the  computer  code 
being  used.  Firstly,  the  increase  in  computed  crack  opening  stresses  upon  crack  extension  is  shown  in 
Figure  3(a)  for  the  four  stress  ratios  being  used  in  constant  amplitude  testing.  The  results  are  in 
rather  good  agreement  to  those  presented  in  Figure  75  of  Ref.  [4].  For  the  two  negative  stress  ratios 
minima  in  predicted  crack  growth  rates  occur  at  crack  lengths  indicated  in  Figure  3(a).  Such  minima  have 
indeed  been  observed  experimentally,  e.g.  [22],  but  are  costly  attributed  to  interaction  of  the  advancing 
crack  with  grain  boundaries.  It  is  interesting  to  note  that  the  predicted  development  of  closure  at  R  =  0 
is  similar  to  plane  strain  elastic-plastic  finite  element  calculations  performed  at  R  *  0.1  in  Ref.  (12). 
Further  on,  it  should  be  observed  that  virtually  no  closure  effect  occurs  at  R  3  0.5,  but  that  the  effect 
is  becoming  core  prevalent  at  negative  stress  ratios,  in  accordance  with  experimental  observations,  whpre 
aiso  an  effect  ot  applied  stress  level  becomes  important. 

Figure  3(b)  compares  experimental  and  predicted  surface  crack  shapes  under  constant  amplitude 
loading  at  R  =  -1.  It  appears  that  the  growth  behaviour  of  both  naturally  initiated  cracks  and  arti¬ 
ficially  introduced  dafects  is  accurately  modelled. 
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Experimental  and  predict'd  crack  growth  rates  for  short  cracks  under  all  the  various  loading  con¬ 
ditions  are  shown  in  Figures  4  through  9,  for  R  *  -2,  -I,  0,  0.5,  FAISTAFF  and  GAUSSIAN  loading,  re¬ 
spectively.  Also  shown  in  these  figures  are  the  long  crack  data  for  comparison.  The  GAUSSIAN  load 
sequence  used  for  these  calculations  is  not  identical  to  the  sequence  used  for  testing.  That  sequence  has 
a  block  size  of  about  one  million  cycles.  Here,  another  GAUSSIAN  sequence,  see  Figure  10,  consisting  of 
only  10  000  load  cycles,  but  with  the  sane  irregularity  factor  (I  =  Ng/Nj  «  0.99  where  Hg  is  the  no.  of 
mean  level  crossings  with  positive  slope  and  Nj  is  the  no.  of  peak  loads)  was  devised  for  the  compu¬ 
tations.  For  I  =  0.99,  this  difference  from  the  test  sequence  should  be  negligible.  All  other  input  data 
to  the  calculations,  e.g.  initial  crack  size,  plane  strain  constraint  factor  and  effective  stress  in¬ 
tensity  range  versus  crack  growth  rate  relationship,  were  the  same  as  in  Ref.  [4]. 

Compa-ing  the  predictions  in  Figures  4  to  9  with  those  in  Ref.  [4],  it  is  readily  seen  that  the  two 
sets  of  calculations  are  in  good  general  agreement.  However,  a  closer  comparison  shows  that  the  current 
numerical  model  always  predicts  slightly  lower  crack  growth  rates  than  the  predictions  in  Ref.  (4].  At  a 
stress  ratio  R  =  0.5,  Figure  7,  the  effect  of  applied  stress  level  on  predicted  results  is  rather  small 
whereas  particularly  at  negative  stress  ratios.  Figures  4  and  5,  but  also  in  spectrum  loading.  Figures  8 
and  9,  this  effect  becomes  very  obvious.  Altogether,  the  genera!  agreement  of  measured  and  predicted 
short  crack  growth  rates  is  clearly  excellent  albeit  somewhat  unexpected  in  view  of  the  above  discussion 
on  cany  additional  mechanisms  that  are  known  to  influence  short  crack  growth  behaviour. 

Finally,  predicted  fatigue  lives  to  breakthrough,  i.e.  when  a  continous  crack  was  all  the  way  across 
the  notch  root,  are  shown  together  with  experimental  data  in  Figures  11  to  13  for  positive  stress  ratios, 
negative  stress  ratios  and  the  spectrum  loading  conditions,  respectively.  Note  that  the  TWIST  results  for 
A1  2024-T3,  from  the  supplemental  programme,  also  are  included  in  Figure  13.  A  careful  comparison  of  the 
current  predictions  to  those  in  Ref.  [4]  reveals  that  the  current  numerical  model  predicts  about  lOt 
higher  life  and  around  S-6t  higher  closure  loads  than  Newman’s  original  model  as  applied  in  Ref.  [4].  The 
one  exception  to  this  general  result  is  the  GAUSSIAN  loading  case  for  which  slightly  shorter  lives  were 
predicted  in  the  current  paper  than  in  Ref.  (4).  This  may,  however,  be  attributed  to  the  difference  in 
the  GAUSSIAN  load  sequences,  as  mentioned  above. 


4.2  Supplemental  Programme 

The  experimental  short  crack  data  obtained  on  A1  2024-T3  under  TWIST  loading  are  shown  in  Figure  14 
together  with  predicted  results  using  exactly  the  same  input  parameters  as  in  the  core  programme.  As  can 
be  seen  from  Figure  14  tne  effect  of  the  applied  stress  levels,  *  225  and  275  MPa,  on  the  growth 
rates  is  very  small.  Also  snown  in  Figure  14  are  long  crack  growth  rates  as  obtained  with  the  load 
shedding  procedure  of  the  TWIST  sequence.  The  short  crack  effect  is  observed  also  for  the  TWIST  sequence. 
At  higher  crack  growth  rates  the  short  and  long  crack  data  overlap. 

Short  crack  growth  data  for  the  Al-li  2090-T8E41  alloy  are  summarized  in  Figures  15  to  17  for  R  = 
=  0.5,  FAISTAFF  and  TWIST  loading,  respectively.  The  first  interesting  observation  from  these  Figures  is 
that  the  growth  rates  remarkably  close  to  those  presented  for  aluminium  alloy  2024-T3  above.  It 
should  be  noted  though,  that  surface  crack  lengths  were  taken  as  the  projected  crack  length  normal  to  the 
loading  direction,  whereas  the  actual  crack  growth  morphology  is  highly  deflected  for  the  R  =  0.5  and 
FAISTAFF  loading,  see  Figures  18  and  19,  respectively.  For  some  hitherto  unknown  reason  the  crack  paths 
for  TWIST  loading  is  entirely  different,  see  Figure  20. 

Comparing  the  short  crack  growth  rates  for  R  =  0.5  to  long  crack  growth  data  obtained  on  the  same 
Al-li  alloy,  and  in  the  same  orientation,  l-T,  by  other  workers  (4,  5]  it  seems  that  the  short  crack 
effect  is  virtually  absent  at  this  high  stress  ratio.  Figure  15.  The  comparison  to  Ref.  [5],  which  is 
most  relevant  as  they  tested  specimens  cut  from  the  sane  sheet,  gives  almost  identical  growth  rates  for 
short  and  long  cracks  at  R  =  0.5.  This  is  also  what  was  found  for  A1  2024-T3  at  the  sane  stress  ratio  in 
the  core  programme  [4]. 

For  the  FAISTAFF  results  shown  in  Figure  16  the  author  has  not  yet  access  to  any  long  crack  data.  He 
would  expect  significantly  slower  growth  rates  for  long  cracks  though.  A  detailed  comparison  of  the  Al-Li 
data  in  Figure  16  to  FALSTAFF  data  for  A1  2024-T3  shows  that  the  aluminium  lithium  alloy  has  a  higher 
mean  crack  growth  rate,  although  the  data  is  overlapping. 

For  TWIST  loading,  the  Al-li  data  is  within  the  scatterband  for  A1  2024.  Long  crack  data  for  the 
TWIST  sequence  is  included  in  Figure  17.  Also  here  a  short  crack  effect  is  obvious  for  low  stress 
intensities,  whereas  the  data  converge  at  higher  crack  growth  rates. 

It  is  particularly  interesting  to  compare  the  crack  growth  paths  shown  in  the  data  charts  in  Figures 
18-20.  The  results  shown  for  R  *  0.5  and  FAISTAFF  loading,  Figures  18  and  19,  agree  excellently  with 
published  results  valid  for  constant  amplitude  loading,  e.g.  [23].  The  TWIST  results  in  Figure  20,  how¬ 
ever,  are  of  entirely  different  character.  The  crack  path  is  very  straight,  exhibifng  no  typical 
aluminium-lithium  features,  and  the  data  is  repetitive  in  the  sense  that  several  performed  tests  yield 
the  same  smooth  crack  path. 

The  specific  reason  for  this  behaviour  during  TWIST  loading  is  still  unknown.  It  nay  perhaps  be 
related  to  the  high  mean  stress  of  the  roqy  gust  loads  occurring  in  the  spectrum,  which  gives  a  very 
small  ratio  of  reversed  to  monotonic  plastic  zone  size  at  the  rr»cy  t*p. 

Modelling  of  the  Al-lf  data  is  under  way  but  not  yet  completed.  Those  results  will  be  published  in  a 
separate  report. 


6-S 


5.  CONCLUSIONS 

Based  on  numerical  modelling  and  short  crack  growth  experiments  conducted  on  a  2024-TJ  aluminium 
alloy  and  a  2090-T8E41  aluminium-lithium  alloy,  the  following  conclusions  can  be  cade: 

The  analytical  results  coincide  in  general  very  well  with  observed  experimental  results. 

The  performed  calculations  constitute  an  independent  verification  of  the  crack  closure  model  being 
used  in  the  AGARD  core  programme  on  short  cracks. 

-  The  current  numerical  model  predicts  about  104  higher  life  and  around  5-64  higher  closure  loads  tnan 
Newman's  original  model. 

-  Short  crack  data  for  the  two  studied  al'oys  are  overlapping  for  all  load  conditions. 

During  constant  amplitude  loading  short  cracks  grew  below  the  long  crack  threshold  stress  intensity 
factors. 

-  During  spectrum  loading  and  for  constant  amplitude  loading  at  negative  stress  ratios,  short  cracks 
grew  faster  than  long  cracks  at  the  sane  stress  intensity  ranges. 

-  A  stress  level  effect  is  very  pronounced  at  negative  stress  ratios  and  also  becomes  apparent  for 
some  spectrum  loading.  This  effect  manifests  itself  in  higher  short  crack  growth  rates  at  higher 
load  levels  for  the  same  stress  intensity  range. 

The  crack  path  in  the  aluminium-lithium  alloy  is  highly  deflected  for  R  =  0.5  and  FALSTAFF  loading 
but  straight  for  THIS!  loading. 
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under  R  » -2  loading 
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Figure  6.  -  Experimental  and  predicted  crack  growth 
rates  for  short  cracks  in  A1  2024-T3 
under  R  =  0  loading 
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rates  for  short  cracks  in  A1  2024-T3 
under  R  =  -1  loading 
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Figure  /.-Experimental  and  predicted  crack  growth 
rates  for  short  cracks  in  A1  2024-T3 
under  R=  0.5  loading 
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Figure  It.  -  Experimental  and  predicted  fatigue  life  to  breakthrough  in  A1  2024-T3 
under  constant-amplitude  loading  at  positive  stress  ratios 


Figure  12.  -  Experimental  and  predicted  fatigue  life  to  breakthrough  in  A1  2024-T3 
under  constant-amplitude  loading  at  negative  stress  ratios 


Figure  13.  -  Experimental  and  predicted  fatigue  life  to  breakthrough  in  Ai  2024-T3 
under  FAISTAFF,  GAUSSIAN  and  TWIST  loading 
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ABSTRACT 

This  work  was  undertaken  as  part  of  an  AGARD  Supplemental  Test  Programme  for  investigating  the  short  crack 
growth  behavior  in  various  airframe  alloys.  The  objectives  of  the  research  were  to  investigate  crack  initiation  characteristics 
and  short  crack  growth  behavior  for  Al-Li  2090  and  for  4340  steel  and  to  evaluate  the  ability  of  a  closure-based  crack-growth 
model  to  predict  fatigue  crack  growth  rates  and  total  fatigue  lives  for  the  steel.  Single-edge- notched  tension  specimens  of  each 
all  ry  were  used  to  obtain  the  short  crack  growth  rate  information  via  an  acetate  replica  technique.  In  addition  to  constant 
amplitude  loading,  tests  on  the  steel  were  conducted  using  the  Fehx/28  variable  amplitude  spectrum  (a  shortened  form  of  a 
standard  loading  sequence  for  'fixed'  or  semi-rigid  helicopter  rotors).  The  short  crack  growth  rates  were  compared  to  those 
for  long  cracks  grown  under  similar  loading  conditions.  Metallurgical  features  associated  with  crack  initiation  are  discussed. 

For  Al-Li  2090  under  R  =  -1  loading,  the  short  cracks  grew  well  below  the  long  crack  threshold  and  grew  at  acute 
angles  (approximately  35°)  to  the  loading  axis.  For  4340  steel  under  constant  amplitude  loading  at  R  =  0.5  and  0  and  for 
the  Fehx/28  spectrum  loading,  short-crack  growth  rates  agreed  well  with  long-crack  growth  rates,  even  near  the  long-crack 
threshold  A  slight  short-crack  effect,  growth  below  the  long-crack  threshold,  was  observed  at  R  =  -I.  Fatigue  lives  were 
found  to  depend  on  the  site  and  type  of  initiation  sitt,  especially  for  the  Felix/28  loading  sequence. 

A  semi-empirical  crack-growth  model  incorporating  crack-closure  effects  was  used  to  predict  crack  growth  rates  and 
total  fatigue  lives  of  notched  4340  steel  specimens.  An  initial  defect  site  and  shape  typical  of  those  identified  m  this  steel 
was  assumed  for  the  life  predictions. .  For  all  loading  conditions,  reasonable  agreement  was  found  between  measured  and 
predicted  values  for  both  crack  growth  rates  and  fatigue  lives.  In  general,  the  predicted  lives  were  somewhat  shorter  than 
those  measured  experimentally  and,  therefore,  were  conservative.  For  R  =  -1  loaoing  conditions,  however,  the  model  tended 
to  predict  lives  which  were  slightly  longer  than  experimental  values. 


INTRODUCTION 

The  current  investigation  of  short-crack  growth  behavior  in  4340  steel  and  Al-Li  2090  was  undertaken  as  part  of  an 
AGARD  Supplemental  Program  on  short-crack  growth  behavior.  It  follows  an  extensive  cooperative  testing  and  analytical 
project  on  2024-T3  aluminum  alloy.shcet,  the  results  of  which  have  been  published  m  AGARD  Report  Number  732  [lj.  and 
will  hereinafter  be  leferred  to  as  the  Coro  Programme. 

In  the  present  work  it  was  of  interest  to  investigate  the  crack  initiation  and  short-crack  growth  characteristics  for 
quenched  and  tempered  4340  steel,  a  high  strength  alloy  which  exhibits  a  small  p.ior  austenite  gram  size  containing  an  even 
more  finely  divided  microstructure  of  tempered  martensite.  Because  the  crack  would  traverse  several  martensite  lathes  when 
it  was  still  quite  small,  it  was  expected  (2,3]  that  a  material  with  this  type  of  infrastructure  would  exhibit  less  pronounced 
short  crack  behavior  than  was  observed  in  the  Core  Programme  for  2024-T3.  The  objectives  were  to  obtain  crack  growth 
data  foi  short  and  long  cracks  over  a  range  of  loading  conditions  and  to  determine  the  capability  of  a  crack-growth  model, 
incorporating  crack  closure  effects,  to  predict  fatigue  crack  growth  rates  and  total  fatigue  lives  from  small  pre-existing  material 
defects  in  each  case. 

The  4340  Steel  selected  is  commonly  used  in  dynamically  loaded  helicopter  rotor  components.  For  this  reason,  it  was 
appropriate  to  choose  Fclix/28,  a  standard  spectra  developed  for  ‘fixed’  or  semi-rigid  helicopter  rotors, [4]  for  the  variable 
amplitude  load  spectra  employed  in  this  study.  The  combination  of  experimental  results  from  this  spectrum  with  the  range 
of  constant  amplitude  loadings  serves  as  a  representative  sampling  of  loading  histories  for  this  alloy. 

The  selection  of  2020-T8E41  alloy  for  limited  testing  (at  R  =  —1)  allowed  a  comparison  of  the  short  crack  growth 
behavior  of.  the  new  light  aluminum  alloy  with  the  vintage  airframe  alloy,  2024- T3.  The  addition  of  approximately  two 
percent  b)  weight  o.  lithium  produces  an  alloy  with  a  six  percent  decrease  in  density  and  a  ten  percent  increase  in  stiffness 
over  conventional  airframe  aluminum  alloys.  The  lithium,  however,  also  increases  the  propensity  for  planar  slip  which,  in 
combination  with  sheet  texture  developed  during  processing,  '1133  been  shown  to  produce  a  highly  angular  fracture  path  for 
long,  through  cracks  (5], 
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TESTS 

The  test  program  conducted  on  aluminum-lithium  alloy  2090-T8E41  consisted  of  short-crack  tests  on  single-edge- 
notched  tension  (SENT)  specimens  under  constant  amplitude  loading  at  R  =  -l.  A  more  extensive  test  program  conducted 
on  4340  stcei  consisted  of  standard  tensile  tests,  short-crack  tests  on  SENT  specimens  and  long-crack  tests  on  center-cracked- 
tension  (CCT)  specimens.  For  the  steel,  both  short-  and  long-crack  tests  were  conducted  under  constant  amplitude  loading 
at  R  =  0.5,  0  and  -  1  and  under  variable  amplitude  loading  using  the  Felix/28  spectrum. 

The  load  profile  for  one  flight  from  the  load  sequence  is  shown  in  Figure  1.  The  complete  load  sequence  for  Felix/28 
contains  140  flights  and  161,034  cycles.  The  ratio  of  minimum  to  maximum  stress  in  the  entire  sequence  is  -0.28. 

This  section  describes  the  material  properties,  specimen  preparation  and  procedures  used  to  obtain  short-  and  long- 
crack  data  Methods  used  to  calculate  stress  intensity  factors  and  crack  growth  rates  under  the  various  test  conditions  are 
also  presented. 


Material  and  Specimens 

Al-ti  2090.-  The  aluminum-lithium  2090-T8E41  material  was  furnished  by  Alcoa  in  a  single  sheet,  2.15  mm  thick,  with 
composition  as  specified  in  Table  1.  The  yield  strength  (0.2%  offset)  and  ultimate  tensile  strength  were  given  as  525  MPa 
and  580  MPa,  lespectively.  SENT  specimens,  shown  in  Figure  2(a),  were  identical  in  configuration,  machining  practices  and 
chemical  polishing  to  the  2024-T3  specimens  used  for  the  Core  Programme.  For  the  Supplemental  Short  Crack  Programme, 
several  laboratories  tested  Al-Li  2090  specimens  which  were  machined  at  Wright  Research  and  Development  Center  (WRDC) 
and  chemically  polished  at  NASA  Langley  Research  Center.  For  the  50-mm  wide  specimen,  the  notch  stress  concentration 
factor  of  3.17  (based  on  gross  section  stress)  is  identical  to  that  of  the  Core  Programme  specimens. 

Figures  2(b)  and  2(c)  show  the  microstructure  of  the  2090  alloy  for  the  crack  growth  (T-S)  plane  and  notch  root  surface 
(L-S)  plane,  respectively.  These  metaliographic  specimens  were  immersed  for  2.5  minutes,  with  no  agitation,  in  an  etchant 
solution  of  60  ml  H2O,  3  ml  HBF4  and  3  ml  HNO3.  The  pancake  microstructure,  typical  of  a  rolled  aluminum  sheet,  appears 
to  contain  strings  of  recrystallized  grains  approximately  5  /im  in  thickness.  Two  types  of  constituent  particles  are  present 
in  the  microstructure.  Larger  particies,  up  to  5  pm,  which  were  visible  on  the  polished  surface  prior  to  etching  were  shown 
by  energy  dispersive  x-ray  analysis  to  be  AlzCujFe.  The  smaller  particles  which  precipitated  along  the  grain  boundaries  are 
the  6  phase  (AljCu). 

4340  Steel  -  The  steel  specimens  were  manufactured  from  a  single  A1SI  4340  steel  plate,  9.5  mm  in  thickness,  supplied 
in  the  annealed  condition  The  chemical  composition  of  the  steel  is  given  in  Table  2.  All  specimens  were  machined  with  the 
loading  axis  parallel  to  the  roili.  g  direction  (L)  of  the  plate  and  were  ground  to  a  thickness  of  5.1  mm.  Specimens  were  heat 
seated  to  a  hardness  level  of  45  on  the  Rockwell  C  scale  by  a  one  hour  soak  at  840°C,  tempering  in  vacuum  at  440°C  for 
two  hours  followed  by  furnace  cooling  in  nitrogen  gas.  The  resultant  tempered  martensite  microstructure  in  the  L-S  and  T-S 
planes  of  the  plate  is  shown  in  Figure  3.  The  prioi  austenite  grain  size  was  approximately  10  pm.  Two  types  of  inclusion 
particles,  spherical  calcium-aluminate  particles  and  manganese-sulfide  particles  elongated  in  the  rolling  direction  of  the  plate 
were  identified  by  x-ray  analysis  and  are  indicated  on  the  photomicrographs.  These  particles  will  be  shown  to  serve  as  crack 
initiation  sites  in  the  SENT  specimens.  The  measured  tensile  strength  of  the  steel  was  1505  MPa,  the  yield  strength  (0.2% 
offset)  was  1413  MPa  and  the  elastic  modulus  was  190  GPa.  Results  of  the  tensile  tests  are  given  in  Table  3. 

The  CCT  specimen  used  for  the  long-crack  tests  is  shown  in  Figure  4(a).  The  slot  was  electro-discharged  machined  in  the 
specimen  after  heat  treatment.  In  order  to  measure  crack  growth  on  the  long-crack  specimens  using  an  optical  microscope,  at 
least  one  surface  of  the  specimen  was  mechanically  polished  using  standard  metaliographic  specimen  preparation  techniques 
down  to  a  1  pm  diamond  polish. 

Figure  4(b)  depicts  the  configuration  of  the  SENT  steel  specimen  used  for  the  short-crack  tests.  The  notch  radius  of 
3  18  nun  was  achieved  by  final  milling  cuts  of  0.25,  0.13  and  0.05  mm  to  minimize  residual  stresses.  The  stress  concentration 
factor  for  this  notch  in  the  25  mm  wide  gage  section  is  3.30,  as  calculated  by  the  Boundary  Force  Method  (6).  Tins  is 
approximately  5%  higher  than  Kj  for  the  50-mm  wide  SENT  specimens  used  in  the  Core  Programme. 

Prior  to  testing,  the  notch  area  was  electropolished  for  four  minutes  in  a  flowing  solution  of  70%  ethanol,  10%  glycerin 
and  20%  perchloric  acid  maintained  between  18-20°C.  Electropolishing  removed  the  thin  oxide  layer  formed  during  heat 
treatment  and  the  metal  just  beneath  the  oxide  to  a  depth  of  about  0-1  mm. 


Testing  Procedures 

Al-Li  2090 — Short-Crack  Tests.-  Short-crack  tests  on  Al-Li  2090  were  conducted  at  R  =  —1  for  maximum  stress  levels 
of  97  and  90  MPa.  These  levels  were  selected  to  produce  fatigue  lives  in  the  1  x  105  to  5  x  105  cycle  range  based  on  results 
from  fatigue  life  tests  which  were  conducted  by  Mazur  and  Rudd  [7]  o»  specimens  prepared  concurrently  with  those  described 
herein.  To  prevent  buckling  of  the  thin  sheet  under  compressive  loading,  Teflon  lined  anti-buckling  guide  plates  were  loosely 
fastened  against  the  specimen.  Crack  length  measurements  along  the  bore  of  the  notch  were  obtained  with  the  replica 
technique  using  acetate  film  0.04  mm  in  thickness.  As  described  for  the  Core  Programme,  replicas  were  taken  at  80%  of 
maximum  load  (to  insure  that  any  cracks  present  would  be  open)  periodically  during  the  test.  The  replicas  were  subsequently 
coated  with  a  thin  layer  of  Pd-Au  and  examined  directly  in  the  scanning  electron  microscope  (SEM)  at  a  beam  energy  of 
5  keV.  Crack  length  (measured  as  a  projected  length  perpendicular  to  the  loading  axis)  and  crack  position  along  the  bore  of 
the  notch  were  recorded  (for  the  five  largest  cracks  on  each  specimen)  as  a  function  of  fatigue  cycles.  The  nomenclature  for 
crack  length  measurement  is  illustrated  in  Figure  5. 
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43-10  Steel — Short-Crack  Tests  -  A  number  of  fatigue  life  tests  were  conducted,  using  SENT  specimens,  under  each 
of  the  loading  conditions  to  establish  fatigue  life  curves.  From  these  data,  stress  levels  were  selected  to  be  used  for  the 
short-crack,  crack-growth  tests. 

As  indicated  in  the  previous  description  of  the  Al-Li  2090  tests,  replicas  were  taken  periodically  during  the  short-crack 
tests  under  each  loading  condition.  Crack  length  measurements  along  the  bore  of  the  notch  and  crack  position  were  obtained 
from  observations  of  the  replicas  m  an  SEM.  As  in  the  Core  Programme,  the  load  was  held  at  80  percent  of  maximum  while 
each  replica  was  made  during  the  constant  amplitude  tests.  To  obtain  replicas  in  the  Fchx/28  test.,  the  application  of  the 
sequence  was  stopped  and  held  at  60  percent  of  the  spectrum  maximum  (a  level  which  occurs  frequently  m  the  sequence) 
and  then  continued  from  that  point. 

Several  tests  were  stopped  when  there  was  still  a  surface  crack  along  the  notch  and  the  specimen  was  pulled  to  failure 
under  a  tensile  load.  Examination  of  the  fracture  surface  yielded  information  on  the  shape  of  the  fatigue  crack  as  a  function 
of  crack  size.  On  all  o.  the  SENT  specimen  fracture  surfaces,  river  markings  could  be  followed  back  to  the  crack  origin  and 
the  initiation-site  defects  identified. 

4340  Steel— Long-Crack  Tests.-  Long-crack  tests  (crack  lengths  greater  than  5  mm)  were  conducted  under  each  of  the 
constant  amplitude  stress  conditions,  -1,0  and  0.5,  and  under  the  Felix/28  spectrum  The  specimens  were  gripped  in  either 
hydraulic  or  friction  grips  m  a  hydraulic  load  frame  calibrated  to  89  kN.  The  test  machines  were  aligned  using  the  criteria 
from  the  Core  Programme  and,  additionally,  each  specimen  was  strain  gaged  and  alignment  was  verified  at  installation.  The 
cyclic  frequency  was  30  Hz  for  tests  at  R  =  0.5  and  0,  and  12  Hz  for  the  R  —  — 1  and  Felix/28  tests.  In  tests  involving 
cumpress.ve  loading,  guide  plates  containing  a  rectangular  cutout  for  monitoring  the  crack  were  loosely  fastened  on  either 
side  of  the  specimen. 

In  all  tests,  cracks  were  initiated  and  grown  about  2  mm  at  each  end  of  the  central  slot  before  growth  rate  data  were 
recorded.  For  R  =  0.5  loading  conditions  the  crack  was  initiated  under  R  =  0  loading  and  then  the  minimum  load  was 
increased  to  obtain  R  =  0  5.  For  the  other  loading  conditions,  the  same  stress  ratio  (or  Fchx/28  spectrum)  used  to  initiate 
the  crack  was  used  for  the  remainder  of  that  test.  Crack  length  measurements  were  made  visually  using  a  60X  microscope 
mounted  on  a  micrometer  slide.  In  the  Felix/28  tests,  crack  length  measurements  were  always  made  at  the  end  of  a  complete 
pass  through  the  load  sequence  (161,034  cycles).  Crack  growth  rates  were  calculated  from  the  crack  length  against  cycles 
data  using  the  secant  (point-to-point)  method  employed  in  the  Core  Programme. 

Growth  rates  above  about  10-5  mm/cycle  were  generated  in  conventional  increasing  A I<  tests.  Growth  rates  below 
about  10-J  mm/cycle  were  obtained  in  decreasing  load  amplitude  tests  in  which  a  manually-controlled,  discrete-step  load 
shedding  method  was  employed.  After  each  0.5  mm  increment  of  crack  growth,  the  maximum  and  minimum  loads  were 
decreased  by  6  percent.  This  resulted  in  a  rate  of  reduction  of  A K  which  was  within  the  guidelines  recommended  in  the 
recently  revised  ASTM  Standard  E-647-88 -Standard  Test  Method  for  the  Measurement  of  Fatigue  Crack  Growth  R  tes 
After  the  “threshold"  rate  (10-7  nun/ cycle)  was  achiever!,  several  tests  were  continued  as  increasing  A I<  tests  to  corroborate 
the  decrcasing-AA'  data. 


ANALYSIS 

Calculation  of  Stress-Intensity  Factors 

In  the  following,  approximate  stress-intensity  factor  equations  for  a  surface  crack  or  a  corner  crack  emanating  from  a 
semi-circular  edge  notch  are  presented.  These  equations  arc  used  later  to  compare  crack  growth  rates  measured  for  short 
..racks  with  those  measureo  fur  long  cracks  as  a  function  of  the  stress-intensity  factor  range  The  calculation  of  stress-intensity 
factor  assumes  that  either  a  semi-elliptical  surface  crack  is  located  at  the  center  of  the  edge  notch  or  a  quarter  elliptical  corner 
crack  is  located  at  an  edge,  as  shown  in  Figure  4  For  a  surface  crack  located  at  other  locations  along  the  bore  of  the  notch, 
the  calculation  is  adequate  if  the  crack  is  small  compared  to  thickness. 

To  calculate  the  stress-intensity  factor  at  the  point  where  the  crack  intersects  the  notch  surface  (p  =  a/2),  the  crack 
length  (a)  and  the  crack  depth  (c)  must  be  known.  This  relationship  can  be  determined  from  measurements  made  on 
specimens  broken  in  tension  with  small  fatigue  cracks  For  Al-Li  7090,  the  c/a  relationship  developed  from  crack  shape 
measurements  on  2024-T3  specimens  in  the  Core  Programme  was  used.  The  crack  depth  (c)  for  cither  a  surface  crack  or  a 
corner  crack  was  calculated  from  the  following  equation 


c/a  =  0.9  -  0.25 (a/tf  (Al-Li  2090) 


(la) 


For  4340  steel,  a  different  relationship  was  the  best  visual  fit  to  the  crack-shape  data  generated  from  the  short-crack 
specimens  tested  in  this  study.  These  data  arc  presented  in  the  Test  Results  section.  The  crack  depth  (c)  for  cither  a  surface 
crack  or  a  corner  crack  was  calculated  from  the  following  equation 


c/a  =  1  -  0.25(a/t)  (43-10  Steel) 


(lb) 


The  stress-intensity  factor  range  equation  for  a  surface  crack  located  at  tne  center 
uniform  displacement  is  [8] 


A  K  =  A  S\/{ia/Q)F,n 


of  the  edge  noten  subjected  to  remote 
(2a) 
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for  0.2  <  a/c  <  2  and  a/f  <  1.  Equations  for  <5,  the  shape  factor,  and  Fm,  the  boundary-correction  factor,  are  given  m  the 
Appendix. 

For  a  corner  crack,  the  stiess-intensity  factor  is 


A/C  =  AS  \/{jta/Q)Fcn 


(2b) 


for  0-2  <  a/c  <  2  and  aft  <  1,  where 


Fen  =  F«n(l«13  -  0.09o/c)  for  a/c  <  1 
Fen  =  Fsn(  1  +  0.04c/a)  for  a/c  >  1 

The  stress  range  (AS)  is  full  range  (Smax  —  Smjn)  for  constant  amplitude  and  spectrum  loading.  For  example, 
A5  =  2 Snvxx  for  Ft  =  -1  loading.  For  spectrum  loading,  the  highest  peak  stress  is  5^  and  the  lowest  trough  is  7mjn. 


Crack-Growth  Model 

A  crack-growth  model  that  accounts  for  crack-closure  effects  was  used  to  predict  growth  rates  and  total  fatigue  lives 
for  4340  steel  under  both  the  constant  amplitude  and  Fc!ix/28  spectrum  loading.  This  growth  mode!  was  developed  in 
reference  9  and  was  previously  applied  to  short-crack  growth  analyses  in  references  1,  10  and  11. 

The  basic  assumption  in  the  growth  modti  is  that  the  growth  rate  for  any  loading  cycle  lies  on  a  single,  master  &Kcjr 
against  rate  curve,  where  the  &Kejj  is  A/f  modified  to  account  for  crack-closurc  effects.  The  growth  model  incorporates 
a  model  of  the  ^rack-closure  process  that  is  used  to  calculate  crack  opening  stresses  (am!  thereby,  A Keff)  as  a  function  of 
loading  history.  The  A Kcfj  was  then  used  to  enter  the  master  A/f^yy-rate  curve  to  obtain  a  predicted  crack-growth  rate 

The  crack  growth  model  was  developed  for  a  central  through  crack  in  a  finite-width  specimen  subjected  to  uniform 
applied  stress  This  model  was  later  extended  to  through  cracks  emanating  from  a  circular  hole  in  a  finite-width  specimen 
also  subjected  to  uniform  applied  stress  [1 1  j.  The  growth  model  is  based  on  the  Dugdaic  plasticine  model  (12),  but  modified 
to  leave  plastically  deformed  material  in  the  wake  of  the  crack.  The  primary  advantage  in  using  the  Dugdale  model  is  that 
the  plastic-zone  size  and  crack-surface  displacements  arc  obtained  by  superposition  of  two  elastic  problems— a  crack  in  a 
plate  subjected  to:  (1)  a  remote  uniform  stress  and  (2)  a  uniform  stress  applied  over  a  segment  of  the  crack  surface.  In  the 
current  work,  it  was  assumed  that  the  opening  stresses  calculated  for  a  through  crack  of  length  V  were  the  same  as  those 
for  a  surface  crack  of  depth  V’. 


TEST  RESULTS  AND  DISCUSSIONS 
Al-Li  2090 

Shprt^Qrack .Tests  -  A  total  of  six  tests  were  run  at  R  »  —  1,  three  at  each  of  two  stress  levels.  Figure  6  show's  a  plot 
of  maximum  stress  against  number  of  cycles  until  a  crack  w'as  first  observed  on  a  replica  and  against  number  of  cycles  until 
failure  for  each  specimen.  One  test  w'as  stopped  prior  to  failure.  Cracks  w'ere  first  observed  wnen  they  were  between  6  and 
73  urn  in  length.  The  cracks  which  were  large  when  first  detected  were  comer  cracks  and,  as  such,  were  more  difficult  to  find 
on  the  replicas  early  in  life.  Of  the  eleven  cracks  catalogued  in  this  study,  three  initiated  as  corner  cracks  or  very  close  to  the 
sheet  surface.  All  others  initiated  as  surface  cracks  along  the  root  of  the  notch.  Crack  propagation,  within  this"  limited  data 
set,  was  found  to  consume  from  26  to  92  percent  of  the  total  life  At  the  low*er  stress  level,  two  specimens  with  corner  cracks 
were  detected  late  in  life  at  73  and  76  ftm,  giving  relatively  short  propagation  lives  (one  of  these  tests  was  terminated  prior 
to  failure  with  a  500  /im  crack).  At  the  upper  stress  level,  the  specimen  with  the  propagation  life  which  was  much  shorter 
than  the  other  two  specimens  contained  multiple  surface  cracks  which  were  positioned  such  that  they  linked  together  and  the 
specimen  experienced  rapid  crack  growth  to  failure.  The  average  crack  propagation  life  for  the  remaining  three  specimens 
was  80  percent. 

In  this  alloy,  cracks  were  found  to  propagate  at  acute  angles  to  the  loading  axis.  The  following  description  of  crack 
growth  behavior  is  illustrated  by  the  SEM  photos  of  replicas  from  three  specimens  in  Figures  7  and  8.  (Crack  initiation  sites 
are  labeled  with  an  HI  ’.)  Cracks  which  initiated  along  the  bore  of  the  notch  often,  but  not  always,  initiated  at  inclusion 
particle  sites  which  were  visible  on  ?hc  replicas  cf  the  notch  surface,  as  in  Figure  7(a).  The  cracks  in  some  cases  grew  in  a 
horizontal  direction  for  a  short  distance  (5-50  /nn)  and  then  turned  to  a  direction  approximately  35  degrees  to  the  loading 
axis.  Other  cracks  grew  at  this  acute  angle  from  the  point  of  initiation.  Figure  7(h)  the  crack  from  Figure  7(a)  after 
an  additional  ~4,00u  cycles  (upper  crack).  It  has  continued  grow,  essentially  in  a  planar  fashion,  to  the  surface  on  the  right 
and  to  intersect  another  crack  at  the  specimen  midthir’  .**>.  Sometimes  tiie  cracks  would  bifurcate  along  directions  of  ±35 
degrees  to  the  loading  axis,  as  in  Figure  7(b)  (lower  crack  at  location  ‘B’).  At  this  point,  one  of  three  behaviors  would  result: 
(1)  the  crack  would  continue  in  the  new  orientation  (Fig  8{u)  at  location  *B*)  or  (3)  the  crack  would  exhibit  a  jog  in  the  new* 
orientation  and  then  revert  back  to  the  oiiginal  orientatiun.  A  “V^-shapcd  crack  might  also  be  formed  by  the  intersection 
of  two  cracks  propagating  on  planes  at  +  and  -35  degrees  to  the  loading  axis  (Fig.  7(b)  at  center  and  Fig.  8(b)  at  inverted 
V”).  Figure  8(a)  illustrates  a  case  where  three  cracks  which  were  propagating  in  a  nearly  coplanar  situation  linked  to  form  a 
single  crack.  Fractures  of  the  specimens  discussed  in  Figure  8  are  shown  in  Figure  9.  In  general,  the  presence  of  the  pancake 
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grain  boundaries  did  not  seem  to  offer  any  resistance  to  crack  propagation.  This  would  be  consistent  with  a  sheet  which  is 
textured  such  that  preferred  slip  planes  and  slip  directions  are  aligned  from  one  grain  to  the  next.  Although  the  sheet  is  likely 
to  be  textured,  as  Al-Li  alloys  are  often  found  to  be  [5],  the  exact  nature  of  the  texture  is  uncertain.  In  the  texture  analysis 
of  this  alloy  performed  by  Bowen  (13],  the  Royal  Aeronautical  Establishment,  at  various  locations  through  the  thickness, 
it  was  determined  that  the  sheet  was  strongly  textured.  He  reported  a  deformation  texture  which  indicated  that  the  sheet 
was  unrccrystallized.  Examination  of  the  microstructure  optically  in  this  work  indicated  evidence  of  recrystalhzation  within 
the  pancake  grains,  as  mentioned  previously.  In  the  paper  by  Carvalho  and  dcFrcitas  in  this  document  (14],  they  site  data 
obtained  using  the  back  reflection  Laue  x-ray  method  which  indicates  a  recrystallizcd  texture  structure.  It  would  seem  that 
the  sheet  is  perhaps  partially  recrystallized  and,  as  such,  exhibits  characteristics  of  both  a  deformation  and  a  recrystallized 
texture. 

The  crack  growth  rate  against  AK  plot  for  these  short  crack  tests  is  shown  in  Figure  10.  As  stated  previously,  the 
crack  lengths  for  this  analysis  have  been  measured  parallel  to  the  short  transverse  direction  of  the  sheet.  The  long  crack  data 
lines  are  this  author’s  visual  fit  to  the  data  from  tests  conducted  by  Mazur  and  Rudd  (7).  For  the  short  crack  data,  over  the 
range  of  stress  tested,  there  appears  to  be  no  stress  level  effect.  The  short  cracks  grow  at  stress  intensity  factor  levels  below 
the  long  crack  threshold  (approximately  4.5  MPa^/in)  and  grow  at  somewhat  higher  rates  than  long  cracks  above  threshold 
This  relative  short  crack— long  crack  behavior  is  similar  to  that  observed  in  the  Core  Programme  for  2024-T3  under  R  =  -1 
loading  at  the  lower  stress  levels.  It  should  be  noted,  however,  that  A ICy,  for  2024-T3  is  somewhat  higher  (6  MPa\/m).  There 
also  is  significantly  more  scatter  in  the  long  crack  data  for  2090-T8E41  at  R  =  -1  than  was  found  for  2024-T3,  resulting 
in  considerable  overlap  of  long  and  short  crack  2090  data  for  A K  >  4.5  MPa^/m.  No  attempt  has  been  made  to  account 
for  Mode  II  or  Mode  III  contributions  to  the  calculated  stress  intensity  factors  or  crack  growth  rates  caused  by  the  slanted 
crack  growth.  However,  using  a  Mode  I  analysis,  the  calculated  crack  growth  rates  for  long  and  short  cracks  approach  one 
another  for  large  A K,  In  addition,  the  long  cracks  reported  in  reference  7  were  well-behaved  and  grew  essentially  normal  to 
the  loading  axis  from  initiation  down  to  threshold,  the  same  orientation  that  has  been  assumed  in  this  short-crack  analysis. 


4340  Steel 

Long-crack  Tests  -  Crack  growth  rate  against  A K  plots  for  the  three  constant  amplitude  test  conditions  and  for  the 
Felix/28  load  sequence  are  presented  in  Figures  11  through  14.  On  each  data  set,  a  visual  best  fit  line  has  been  drawn 
through  the  data.  Scatter  band  lines  have  been  drawn  at  1.15  and  1/1.15  times  the  values  for  A K  of  the  best  fit  line.  The 
majority  of  the  data  points  fall  within  the  scatter  band  lines. 

For  each  type  of  loading,  data  obtained  under  decreasing  load  conditions  agreed  with  that  from  increasing  load 
conditions.  No  threshold  value  was  obtained  from  the  single  decreasing  load  test  run  under  FelLx/28  spectrum  loading. 
For  each  constant  amplitude  R  ratio,  at  least  three  tests  were  conducted.  The  long-crack  threshold  for  R  =  0.5  occurred  at 
a  value  of  A K  =  3.36  MPa^/in,  for  R  =  0  the  threshold  occurred  at  a  value  of  A  K  =  5  00  MPo/iii  while  the  threshold  for 
R  =  -1  loading  occurred  at  a  value  of  A  K  =  12.4  MPa>/m. 

Fatigue  Life  Tests  -  A  scries  of  fatigue  life  curves  were  established  from  tests  to  failure  on  the  SENT  specimens  run 
under  both  the  R  =  0.5,  0  and  -1  constant  amplitude  loading  conditions  and  the  Felix/28  variable  amplitude  spectrum.  The 
results  from  the  constant  amplitude  tests  are  shown  in  Figure  15.  These  series  of  tests  were  conducted  near  the  fatigue  limit 
condition  which  may  account  for  the  considerable  amount  of  scatter.  The  horizontal  dashed  lines  indicate  the  stress  levels 
which  were  selected  for  the  short-crack  tests.  High  and  low  stress  levels  for  each  stress  ratio  were  chosen  to  give  fatigue  lives 
of  approximately  50,000  and  200,000  cycles,  respectively,  and  to  avoid  the  fatigue  limit  Only  one  level  was  selected  for  the 
R  -  0.5  loading  condition  due  to  the  limited  load  capacity  of  the  test  machine.  The  local  notch-root  stress  at  the  maximum 
and  minimum  gross  stress  levels  for  each  constant  amplitude  test  condition,  divided  by  yield  stress,  is  given  in  Table  4.  Note 
that  for  R  =  0  5,  the  notch  root  stress  is  greater  than  the  yield  stress. 

The  results  of  the  fatigue  life  tests  under  the  Fc!ix/28  load  sequence  arc  shown  in  Figure  16.  The  stress  levels  chosen 
for  the  short-crack  replica  tests  arc  indicated  by  dashed  lines  and  the  local  notch  root  stresses  are  given  in  Table  4.  For 
both  stress  levels  selected  there  was  a  large  amount  of  scatter  in  the  fatigue  life  results.  Inspection  of  the  fracture  surface 
in  the  SEM  showed  that  in  each  case  a  crack  had  initiated  at  an  inclusion  particle  defect.  Those  specimens  which  had  the 
shorter  lives  had  cracks  which  initiated  at  spherical  calcium  aluminatc  particle  defects,  whereas  those  with  the  longer  lives 
had  cracks  which  initiated  at  manganese  sulfide  stringer  inclusion  particle  defects.  An  example  of  each  type  of  initiation  site 
is  shown  in  Figure  17.  In  Figure  17(a)  the  calcium  aluminate  particle  is  present  just  below  the  notch  root  surface.  In  some 
cases,  the  particle  is  on  the  surface  and  is  removed  by  final  machining  or  polishing,  leaving  a  hcmispherically-shaped  void  or 
pit  on  the  notch  root  surface  to  serve  as  the  crack  initiation  point.  An  example  of  this  situation  will  be  shown  later  in  this 
section. 

Examination  of  the  initiation  sites  for  over  30  fatigue  cracks  from  SENT  specimens  yielded  information  on  the 
distribution  of  crack  initiation  site  dimensions.  The  spherical  particle  defects  range  in  size  from  10  to  40  pm  in  diameter. 
The  stringer  particles  are  typically  5  to  20  pm  in  the  2a  direction  and  range  up  to  60  pm  in  the  c  direction.  These  data  are 
shown  in  a  graph  in  Figure  18.  The  median  values  of  the  defect  dimensions  measured  were  2a,  =  16  pm  and  c,-  =  13  pm.  In 
Figure  19,  the  c  and  2a  values  for  each  initiation  site  have  been  paired  in  an  aspect  ratio,  c/a.  The  predominant  ratio  size  is 
1  <  c/a  <  2.  which  is  the  range  for  a  hemisphere  to  «  sphere  The  aspect  ratio  for  the  median  defect  is  i.62.  Cieariy  the  stress 
concentration  at  a  large  spherical  defect  would  be  greater  and  would  cause  matrix  cracking  to  occur  earlier  in  life  and  at  larger 
initial  crack  sizes  than  would  be  the  case  for  the  other  defects.  However,  only  a  limited  volume  of  the  4340  steel  material  is 
being  sampled  at  the  notch  root.  Therefore,  a  large  spherical  particle  is  not  always  present  in  this  area  and  initiation  must 
be  left  to  occur  at  a  smaller  spherical  particle  or  stringer,  thereby  causing  a  large  variation  in  observed  fatigue  lives.  In  an 
investigation  of  the  growth  of  short  cracks  in  4340  steel  heat  treated  to  somewhat  lower  strengtlis  (<t„  =  1260  and  1000  MPa), 
Lankford  (2]  observed  crack  initiation  under  R  -  0.1  loading  only  at  spherical  inclusions.  That  result  is  consistent  with  the 


CutL 1  i  Vi  h1  isfjvli  M'  B  SNAii  afi  *3* 1 


7-6 


current  work.  The  specimens  used  in  reference  2  were  unnotched  and  thus  had  a  larger  volume  of  highly  stressed  material 
that  could  contain  defects  leading  to  crack  initiation. 

Fatigue  cracks  tended  to  initiate  as  surface  cracks  along  the  bore  of  the  notch  rather  than  as  corner  cracks.  The 
distribution  of  initiation  sites  as  a  function  of  position  along  the  bore  of  the  notch  is  shown  in  Figure  20.  The  largest  number 
of  cracks  initiated  near  the  mid-thickness  of  the  notch  root  and  another  favored  location  was  at  about  one-sixth  of  the  total 
thickness  from  the  specimen  surface.  No  corner  crack  initiation  was  observed  in  this  group  of  specimens. 

Short-Crack  Tests.-  The  inclusion  particle  defect  which  caused  fatigue  crack  initiation  could  generally  be  seen  on  the 
replica,  except  in  the  case  of  a  spherical  particle  defect  which  was  buried  just  beneath  the  surface.  Once  initiated,  the  crack 
grew  essentially  perpendicular  to  the  loading  axis.  Figure  21(a)  shows  a  series  of  SEM  micrographs  of  a  crack  growing  from  a 
spherical  inclusion  paiticle  defect  site  until  it  has  grown  more  than  halfway  across  the  notch  root  thickness.  At  this  point  in 
the  fatigue  test,  the  specimen  was  loaded  to  failure  in  order  to  reveal  the  fatigue  crack  shape,  see  Figure  21(b).  An  enlarged 
detail  of  the  initiation  area  shows  half  of  a  hemispherically  shaped  pit  and  a  faceted  fracture  surface  typical  of  the  4340  alloy. 

A  total  of  six  short  crack  tests  were  terminated  before  the  crack  had  grown  to  intersect  either  surface  of  the  plate. 
These  specimens  were  pulled  in  tension  to  failure  and  fatigue  crack  shapes  measured.  Figure  22  shows  the  crack  shape  data, 
c/a,  plotted  against  crack  site,  a/t,  for  these  specimens.  A  linear  fit  was  made  visually  to  the  points  as  shown  by  the  solid 
line  on  the  graph.  This  crack  shape  equation,  given  by  equation  (lb),  was  used  in  the  A K  calculations  for  the  short-crack 
data  from  4340  steel.  The  dashed  line  is  the  equation  used  for  aluminum  alloys,  2024-T3  and  2000-T8E41,  and  is  shown  here 
for  reference. 

Crack  growth  rate  results  from  the  replica  measurements  of  short  cracks  are  shown  in  Figures  23  through  26.  For 
R  =  0.5,  the  results  are  for  two  tests  run  at  a  single  stress  level  (see  Fig.  23).  The  sclid  line  indicates  the  values  for  the 
corresponding  long-crack  data.  The  short-crack  data  fall  at  slightly  slower  crack-growth  rates  when  compared  to  the  range  of 
the  long-crack  data.  As  indicated  in  Table  4,  the  material  at  the  notch  root  yields  in  tension  at  this  applied  stress  amplitude. 
A  similar  result  was  found  for  the  2024-T3  Core  Programme  tests  at  R  =  0.5  with  notch-root  yielding.  For  the  aluminum 
alloy,  however,  the  short  cracks  grew  to  a  greater  extent  below  threshold. 

The  results  for  R  =  0  at  two  stress  levels  are  plotted  in  Figure  24.  The  replica  data  show  no  stress  level  effect  over 
this  range  in  maximum  stress.  Again,  the  solid  line  is  from  the  long-crack  results  for  this  stress  ratio.  The  short-crack  data 
agreed  well  with  the  long  crack  data  for  growth  rates  less  than  5  x  10-8  m/cycle.  Short  cracks  grew  slower  than  long  cracks 
at  the  rates  greater  than  5  x  10~8  m/cycle.  At  this  stress  ratio,  there  appears  to  be  no  short-crack  effect  near  threshold. 
A  comparison  of  long-  and  short-crack  growth  behavior  for  R  =  -1  is  shown  in  Figure  25.  Below  a  stress  intensity  range 
of  approximately  15  MPa\/m,  the  band  of  the  short-crack  data  begins  to  deviate  from  the  long-crack  data  and  to  lie  at 
somewhat  higher  crack  growth  rates.  The  short  cracks  also  grew  well  below  the  long-crack  threshold. 

Hence,  for  the  three  constant  amplitude  stress  ratios  tested,  the  case  which  had  a  compressive  component  to  the  loading, 
R  =  -1,  was  the  only  one  to  show  a  short-crack  effect.  This  result  agrees  with  the  trend  from  the  2024-T3  tests  in  the  Core 
Programme  In  that  study,  more  pronounced  short-crack  effects  were  observed  as  the  stress  ratio  became  more  negative.  The 
short-crack  effect  noted  for  the  2024-T3  aluminum,  however,  was  substantially  greater  than  that  found  for  the  4340  steel  in 
the  current  tests. 

The  short-crack  results  for  the  Felix/28  load  sequence  are  shown  in  Figure  26.  Over  the  range  of  long-crack  data 
available,  the  short  cracks  grew  at  somewhat  slower  rates.  If  long-cracks  results  are  extrapolated  to  lower  A K  levels,  there 
is  no  evidence  of  a  short-crack  effect. 


ANALYTICAL  RESULTS  AND  DISCUSSIONS  FOR  4340  STEEL 


A Ktff  Against  Crack-Growth-Rate  Relationship 

Application  of  the  closure-based  crack  growth  model  requires  a  against  crack  growth  rate  relationship  as  input. 
To  establish  this  relationship,  the  long  crack  data  generated  in  the  current  study  under  constant  amplitude  loading  conditions 
on  CCT  specimens  were  used.  The  data  are  shown  in  Figure  27(a).  In  addition,  data  for  long  cracks  grown  in  smgle-side- 
cracked-holc  (SSCH)  specimens  tested  at  stress  ratios  of  0.5,  0.1,  and  -1  by  Wanhili  at  the  National  Aerospace  Laboratory 
(NLR)  were  included.  These  specimens  were  cut  from  the  same  plate  as  the  specimens  in  the  current  study  and  were  given 
the  came  heat  treatment  at  NASA  prior  to  shipping  to  NLR.  Tiie  SSCH  specimen  and  testing  procedures  used  are  described 
in  Reference  15.  The  NLR  data  is  presented  in  Figure  27(b). 


The  effective  stress  intensity  factor  is  given  by 


Slnax  ~  Sp 
Smax  “  Smm 


A  K 


wheie  S0  was  calculated  from  the  equations  given  in  Relerence  16.  For  these  calculations,  a  constraint  factor  (a)  of  2.5, 
reflecting  plane  strain  conditions,  was  used  over  the  entire  range  of  crack  growth  rates.  Figure  27(c)  shows  the  combined 
plot  of  all  the  available  long  crack  growth  rate  data  plotted  on  a  &Keff  basis.  The  solid  line  segments  were  generated 
using  a  visual  fit  to  the  data  and  the  end  points  of  these  segments  are  listed  in  Table  5.  The  &Kcff  threshold  value  of 
3.75  MPa\/m  falls  within  the  range  of  ‘effective’  thresholds  for  crack  growth  rate  data  from  the  three  stress  ratios.  The 
median  crack  initiation  defect  size  (2a;  =  16  pm,  c,  =  13  pm;  see  Fig.  18)  measured  on  the  fracture  surfaces  of  the  fatigue 
life  test  specimens  was  used  as  the  initial  flaw  size  in  all  crack  growth  and  total  fatigue  life  calculations. 
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Crack-Growth  Rate  Predictions 

Using  the  crack  growth  model,  along  with  the  experimentally  derived  A Kej  j  relationship  and  initial  flaw  size,  crack 
growth  rates  for  all  loading  conditions  can  be  calculated.  These  model  predictions  of  crack-growth  rates  were  made  for  each 
of  the  constant  amplitude  loadings  and  for  the  Felix/28  spectrum  at  an  applied  stress  level  used  for  the  experimental  work. 
The  predicted  curves  are  shown  in  Figures  28(a)  through  28(d)  superimposed  over  the  respective  set  of  short-crack  data 
and  long-crack  data  curve  from  the  current  work.  For  R  =  0.5  loading  above  A K  levels  of  about  4  MPa^/in,  the  predicted 
crack  growth  rates  agreed  well  with  those  for  long  cracks  and,  therefore,  are  slightly  higher  than  the  short-crack  data.  This 
is  a  consequence  of  the  absence  of  closure  effects  at  high  stress  ratios,  i.e.,  the  crack  is  always  open.  The  starting  A K 
value  (shown  as  solid  symbol)  for  the  predicted  curve  is  2  function  of  the  selected  stress  level  and  the  assumed  initial  defect 
size.  For  R  -  0,  the  predicted  curve  is  initially  on  the  high  side  of  observed  crack  growth  rates  and  then  blends  with  the 
experimental  data  at  about  15  MPa,/m.  The  model  predicted  higher  crack  growth  rates  for  short  cracks  at  this  stress  ratio. 
In  Figure  28(c),  the  predicted  curve  for  R  =  -1  follows  the  short  crack  growth  behavior  occurring  below  and  just  above  the 
long  crack  threshold  quite  well.  This  stress  ratio  has  tin  greatest  closure  effects  and  the  predicted  curve  displays  the  classic 
short-crack  behavior.  The  crack  growth  rates  are  initially  high  due  to  the  low  value  of  crack-opening  stress,  S0  sr  Smin>  and, 
hence,  high  values  of  AKejj.  As  the  crack  grows,  S0  increases  rapidly  causing  A Kefj  to  decrease  (while  A/C  increases)  and, 
consequently,  causes  the  crack-growth  rate  to  drop.  If  the  applied  stress  level  was  lower  or  the  initial  defect  size  was  smaller, 
a  condition  could  arise  where  the  cracks  would  initially  grow  but  arrest  as  the  crack  opening  stress  approached  an  equilibrium 
value  and  A I<cfj  became  less  than  A/Ceyy((flj  =  3.75  MPa,/m.  Arrest  of  short  cracks  was  observed  experimentally  in  a  few 
cases  for  cracks  initiating  at  defects  considerably  smaller  than  the  median  size.  For  the  Felix/28  spectrum,  the  crack  growth 
model  predicted  higher  crack  growth  rates  over  the  whole  range  of  A  K. 


Total  Fatigue  Life  Predictions 

Predictions  of  total  fatigue  life  were  made  using  the  crack-growth  model  by  calculating  the  number  of  cycles  necessary 
to  grow  a  crack  from  the  assumed  initial  defect  size,  located  at  the  center  of  the  notch  root,  to  failure  (Kq  =  170  MPa\/m 
[17)).  Fatigue  life  predictions  for  R  =  0.5,  0  and  -1  are  shown  in  Figure  29  superimposed  on  experimental  data  from  fatigue 
life  tests.  Agreement  between  fatigue  limit  for  model  predictions  and  the  experimental  data  is  good  for  R  =  0.5  and  R  =  -1. 
The  fatigue  limit  for  R  =  0  is  somewhat  low.  This  reflects  the  fact  that  the  R  =  0  long  crack  data  near  threshold  fell  to 
the  low  A Kej/  side  (3,2  MPa^/m)  of  the  A Kejj  ^  value  selected  (3.75  MPa^/m)-  At  stress  levels  above  the  fatigue  limit, 
the  life  predictions  at  all  stress  ratios  are  in  fair  agreement  with  experimental  data.  For  stress  ratios  of  R  =  0.5  and  R  =  0, 
predictions  were  somewhat  on  the  conservative  side  of  the  experimental  data,  coinciding  with  the  prediction  of  slightly  higher 
crack-growth  rates  shown  in  the,  previous  set  of  plots.  The  life  calculations  at  R  =  -1  are  somewhat  long.  Inspection  of  the 
predicted  crack  growth  rate  curve  at  this  stress  ratio  shows  the  predicted  rates  to  be  on  the  lower  edge  of  the  experimental 
data  for  high  values  of  A  K. 

For  the  Felix/28  load  sequence,  the  comparison  between  model  predictions  and  experimental  fatigue  lives,  are  shown  in 
Figure  39.  The  predicted  results  fell  somewhat  short  of  the  experimental  data  for  those  specimens  which  contained  spherical 
defects  as  crack  initiation  sites.  As  expected,  the  p  cdicted  lives  fell  far  short  for  those  specimens  with  no  large  inclusion 
particles  at  the  notch  root,  where  cracks  were  left  to  initiate  from  stringer  inclusions  or  where  no  cracks  of  minimum  size 
necessary  for  continued  propagation  were  formed.  It  is  desirable  to  have  the  good  agreement  occur  for  the  spherical  inclusion 
particle  data.  For  an  engineering  component  which  contains  a  number  of  fastener  holes  or  other  areas  of  stress  concentration, 
the  likelihood  of  a  critical  sized  inclusion  particle  being  located  at  one  of  these  sites  is  large.  In  previous  variable  amplitude 
testing,  the  model  had  also  performed  well  in  predicting  fatigue  life  for  2024-T3  SENT  specimens  tested  under  the  Falstaff, 
inverted  Falstaff  and  Gaussian  load  spectra  (1,10).  Use  of  a  predictive  model  such  as  this  might  eliminate  or  significantly 
reduce  the  amount  of  testing  which  needs  to  be  done  under  spectrum  loading  by  producing  reliable  predictions  of  crack 
growth  behavior  under  any  desired  load  sequence  using  only  constant  amplitude  crack  growth  test  data  This  capability 
should  be  of  considerable  interest  to  industry. 


CONCLUSIONS 

The  following  conclusions  have  been  reached  from  the  fatigue  crack  growth  study  of  Al-Li  2090-T8E41  and  of  4340 
steel  (quenched  and  tempered  to  45Rc): 

A.  For  Al-Li  2090-T8E41  alloy  subjected  to  R  =  -1  loading 


1.  Cracks  often  initiated  at  inclusion  particle  (AlyCuzFe)  sites  which  were  visible  on  the  specimen  notch  surface 

2.  For  the  single-edge-notched  specimens,  cracks  grew  at  acute  angles  to  the  load  axis,  approximately  35  degrees, 
across  the  major  portion  of  the  notch  root.  The  crack  propagation  direction  was,  in  general,  not  altered  when 
the  crack  traversed  a  longitudinal  grain  boundary  on  the  specimen  surface. 

3.  For  crack  growth  measured  .loiuuu  to  the  load  axis,  short  crs"ks  grew  below  the  long  crock  threshold  (4  5  MPa-,/55) 
and  at  somewhat  higher  rates  than  long  cracks  above  threshold.  The  Mode  I  analysis  was  successful  in  correlating 
the  long  and  short  crack  data,  in  that  crack  growth  rates  agreed  for  larger  A  A". 
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B.  For  4340  alloy  steel,  quenched  and  tempered  to  45Rc 

1.  Fatigue  cracks  initiated  at  e.ther  calcium  aluminate  (10pm  <2 a  <  40 pm)  or  manganese-sulfide  (5pm  <2 a  < 
20 pm)  inclusion  particle  sites.  Fatigue  life,  especially  under  the  Felix/28  load  spectrum,  was  greater  for  specimens 
with  cracks  initiating  at  the  manganese-sulfide  stringer  sites. 

2.  Crack  growth  from  inclusion  particles  was  essentially  perpendicular  to  the  loading  axis. 

3  For  R  =  0.5  and  0  constant  amplitude  and  Fclix/28  spectrum  loading,  no  short-crack  growth  was  found  to  occur 
below  th(  long-crack  threshold.  For  R  =  0.5,  short  cracks  grew  at  slightly  slower  rates  than  those  exhibited  for 
long  cracks  at  the  same  stress-intensity  factor  range.  For  R  =  0  and  for  the  Felix/28  spectrum  good  agreement 
was  found  between  long  and  short  crack  growth  rates. 

4.  For  R  =  -1  loading  a  short-crack  effect  was  observed,  in  that,  short  cracks  grew  be. .  ~  the  long-crack  threshold. 

5.  The  closure-based  crack-growth  model  employing  a  master  AKe/^-rate  relationship  derived  from  constant 
amplitude  long-crack  data  was  capable  of  predicting  short-crack  crack-growth  rates  for  both  constant  amplitude 
and  Felix/28  spectrum  loading  conditions. 

6  Model  predictions  for  fatigue  life  were  in  reasonable  agreement  with  experiments.  Of  particular  note  is  the  fact 
that  the  model  was  able  to  accurately  predict  total  fatigue  life  for  specimens  subjected  to  the  Felix/28  load 
sequence  solely  from  input  from  constant  amplitude  crack-growth  tests.  Use  of  this  type  of  model  in  design  might 
significantly  reduce  the  amount  of  spectrum-specific  experimental  data  required 
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Table  1.  Composition  of  Al-Li  2090-T8E41 


ELEMENT 

PERCENT 

ELEMENT 

PERCENT 

A1 

BASE 

Cu 

2  4-3.0 

Li 

1.9-2.6 

Mg 

0  25 

Zr 

0.10 

Fc 

0.12 

Mil 

005 

Cr 

0.05 

Ti 

0.15 

Others 

0.05  max  each 
0.15  max  total 

Table  2  Composition  of  A1S1  4340  Steel 

ELEMENT 

PERCENT 

ELEMENT 

PERCENT 

Fe 

BASE 

Ni 

1.75 

C 

0.39 

Mo 

0.25 

Mn 

0.69 

Cu 

0.11 

P 

0.008 

Ai 

0.007 

s 

0  003" 

Ca 

<0.001 

Si 

0.27 

Mg 

<0.002 

Cr 

0.79 

Table  3  Mechanical  Properties  of  4340  Steel  from  Tensile  Tests 


Yield  Strength 

(0.2%  offset)  Ultimate  Tensile  Elastic  Modulus 
<7ys  Ou  E 

MPa  MPa  GPA 


1418 

1512 

194  4 

1420 

1498 

189.6 

1407 

193.7 

1425 

1513 

179.3 

1402 

bias 

192.4 

1413* 

1505* 

189.6* 

'average  of  five  tests 


Table  4.  Gross  Stress  and  Local  Notch-Root  Stress  for  4340  Steel 


Loading 

Maximum 
Gross  Stress 

5nmx(MPa) 

kt  SaKt 

Cyt 

Kt  Smin 

<7yj 

Constant 

Amplitude 

R  =  0.5 

585 

1.42 

0.71 

Constant 

Amplitude 

385 

0.93 

0.00 

R  =  0 

360 

0.87 

0.00 

Constant 

Amplitude 

270 

0.65 

-0.65 

R~  -1 

240 

0.58 

-0.58 

Variable 

Amplitude 

415 

1.00 

-0.28 

Fclix/28 

380 

0.92 

-0.26 

Table  5.  Effective  Stress-Intensity  Factor  Range 
Against  Crack-Grotvth  Rate  Relationship 


MPav/iii 

dc/dN 

m/cycle 

3.75 

3.0E-10 

5.30 

2  0E-09 

7  30 

7.0E-09 

15.0 

4.5E-08 

50.0 

5.5E-07 

120.0 

3.0E-05 

Figure  1.-  Load  time  history  for  one  flight  of  Felix/28  sequence. 


Thickness  ■  B  ■  2.15 

Note:  All  dimensions  in  millimeters 


Figure  2.-  (a)  Core  Progranme  SENT  specimen,  (b)  A1-L1  2090-T8E41 

microstructure  in  nominal  crack  growth  ptane  and  (c)  notch 
root  surface  plane  . 
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Figure  3.-  Microstructure  of  4340  steel  in  the  (a)  notch  root  surface  plane 
and  (b)  nominal  crack  growth  plane. 


Figure  4.-  Configuration  of  (a)  long  crack  specimen  and  (b)  short  crack 
specimen  for  4340  steel. 
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Figure  5.-  Nomenclature  for  crack  measurement. 
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Figure  6.-  Cycles  to  first  crack  detection  and  cycles  to  failure  for  Al-Li 
2090-T8E41  alloy  under  R  ■  -1  loading. 


Figure  9.-  Fracture  surface  profile  of  AT -Li  2090  specimens  shown  in  Figure 
8.  Arrows  indicate  crack  initiation  sites. 


da/dN, 

m/cyc 


Figure  10.-  Short  crack  growth  rate  data  from  AT -Li  2090-T8E4 1  R  ■  -1  tests. 
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figure  15.-  Fatigue  life  of  4340  steel  under  constant  amplitude  loading. 
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Figure  17.-  Fatigue  crack  initiation  sites  in  4340  steel,  (a)  Spherical 
inclusion  particle  and  (b)  stringer  inclusion  particle  site. 
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Figure  1G.-  S.ae  distribution  of  crack  initiation  defect  site  in  4340  steel. 
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Figure  19.-  Aspect  ratio  of  crack  initiation  sites  in  4340  steel. 
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Figure  20.-  Distribution  of  crack  initiation  sites  across  the  notch  root  in 
4340  steel. 


Figure  27(b).-  Long-crack  growth-rate  data  for  4340  steel  SSCH  specimens 
tested  at  NLR  under  R  «  -1,  0.1  and  0.5. 


4340  Steel 
B  =  5.  1  mm 


o 

R  =■  05 

+ 

R  .  01 

□ 

R  =  0 

& 

R  -1 

EFFECTIVE  STRESS  INTENSITY  FACTOR  RANGE,  MPa-m 

Figure  27(c).-  Effective  stress-intensity  factor  range  against  crack-growth 
rate  relationship  for  4340  steel. 
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Figure  28(a).-  Experimental  and  predicted  crack-growth  rates  for  4340  steel 
for  R  ■»  0.5  loading. 
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Figure  28(b).-  Experimental  and  predicted  crack-growth  rates  for  4340  steel 
for  R  »  0  loading. 
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Figure  28(c).-  Experimental  and  predicted  crack-growth  rates  for  4340  steel 
for  R  -  -1  loading. 
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APPENDIX 

Approximate  Stress-Intensity  Factors  for  a  Surface  Crack  and  Through  Crack  at  a  Semi-Circular  Notch' 

Ail  approximate  stress-intensity  factor  equation  for  a  semi-elliptical  surface  crack  local*  d  at  the  center  of  a  semi-circular 
edge  notch  (Fig.  4)  subjected  to  remote  uniform  displacement  is 


(3) 


for  0.2  <  a/c  <  2 ,a/t  <  1,0  5  <  r/f  <  3,(c+r)/w  <  0.5,  and  -ir/2  <  <p  <  ir/2.  (Note  that  here  t  is  denned  as  olio  half  of 
the  full  sheet  thickness  for  a  surface  crack  and  as  full  sheet  thickness  for  3  corner  crack.)  The  shape  factor,  Q,  is  given  by 


/a\l.65 

<2  -  1  +  1.464  (-J 

for 

-  <  1 

c 

(4a) 

/c\  1-65 

Q=  1  +  1.464 

for 

-  >  1 

c 

(45) 

f,n  =  |a/i  +  Af2  (j)  +  Af3  (j)  |  Pi  02  93  91  f<j>  fu-  (5) 

1  The  equations  in  this  appendix,  with  three  exceptions,  are  identical  to  those  in  the  Core  Programme  Report,  AGARD 
Report  No.  732  (1).  The  form  of  Eq.  (13),  for  04,  has  been  altered  to  allow  the  stress  concentration  factor,  Kj,  to  appear 
as  a  separate  variable.  This  was  necessary  because  the  two  short  crack  specimens  have  slightly  different  values  for  Kx-  The 
finite  width  equations,  (14a)  and  (14b),  reflect  a  change  from  an  assumption  of  remote  uniform  Stress  to  an  assumption  ot 
remote  uniform  displacement.  Also,  separate  equations  are  necessary  for  the  steel  and  Al-Li  as  the  specimens  have  different 
aspect  ratios,  h/w,  where  h  is  the  half-height  and  to  is  the  width  of  the  specimen  test  section.  The  final  change  was  made 
to  the  function  7,  the  variable  in  the  finite  width  equation,  to  include  the  dependence  on  normalized  crack  size,  a/t.  This 
factor,  (a/t)1/2,  was  inadvertently  omitted  from  the  original  document.  For  the  specimen  used  in  the  AGARD  Cooperative 
Test  Programme,  the  effect  of  leaving  out  this  term  causes  less  than  a  two  percent  difference  in  the  calculation  of  the  stress 
intensity  factors  and,  therefore,  docs  not  significantly  affect  results  from  the  Core  Programme. 
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For  a/c  <  1. 


M,  =  1 

(6) 

0.05 

0-ii  +  (i)3/2 

(7) 

,,  _  0  29 

3  0.23+ (§)3/? 

(8) 

(9) 

1  +  0.358A  +  1  425A2  -  1.578A3  +  2.156A4 

1  +  0.08A2 

(10) 

1 

1  +  p  cos  (0.90) 

(ID 

93  =  1  +  0.1(1  -  cos  0)2  (l  -  y) 

(12) 

94-  *~{0  26-9032/(i  ! 

(18) 

The  finite-width  correction,  fU;  was 

fw  =  1  +  2J72  -  3.574  +  3.87°  for  h/ui  =  2(Al-ti  specimen;  (14a) 

/«,  =  1  +  3  9372  -  5.5974  +  S.9376  for  h/w  =  3(Steel  specimen)  (14b) 

where 


7  = 


c  +  r  /a\l/2 

w  \7/ 


(15) 


The  function  is  given  by 


cos2 1 j,  - ; 


7  >/-* 


(16) 


For  a/c  >  1. 


Mir 


(17) 


The  functions  M2.  A/3,  gi.  g2,  7,  93,  94, and  /„  arc  given  by  Eqs.  (7)  through  (14),  respectively,  and  is  given  by 


Si  =  [  (-)  sin2  +  cos2  d>] 


1/4 


L  'U/ 


When  the  surface-crack  half-length,  a,  reaches  one-half  sheet  thickness,  t,  the  crack  is  assumed  to  be  a  through  crack  of 
length,  c  The  stress-intensity  factors  for  a  through  crack  emanating  from  a  semi-circular  notch  subjected  to  remote  uniform 
displacement  are  then  used.  An  equation  fit  to  these  results  is 


K  =  Sv^jrcjFn  ,  — ) 

\w  w/ 


(19) 
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for  ( c  +  r)/w  <  0.8.  The  boundary  correction  factor,  Fn,  is 

F„  =  h  54  Sw  (20) 

where  04  and  Sw  are  given  by  Eqs.  (13)  and  (14),  respectively.  The  function  /j  is  given  by 

fl  =  1  +  0.358A  +  1.425A2  -  1.578A3  +  2.156A4  (21) 

where 


The  difference  in  specimen  configuration  between  the  steel  and  Al-Li  specimens  affects  the  stress  intensity  factor 
calculations  through  two  parameters,  Kf  and  fw‘  Figure  A1  shows  the  variation  of  the  product,  with  crack  size 

factor,  (c  +  r)/iu,  for  the  case  of  remote  uniform  displacement  and  for  remote  uniform  stress.  The  solid  curves  show  these 
relationships  for  tin-  el  specimen,  with  h/w  =  3;  and  the  dashed  curves  represent  the  Al-Li  specimen  configuration,  with 
h/w  =  2  The  stress  concentration  factor  applicable  for  each  specimen  under  each  condition  as  calculated  by  the  Boundary 
Force  Method  (6)  is  listed  in  the  following  table. 


Uniform 

Uniform 

Specimen 

Stress 

Displacement 

Material 

Kt 

kt 

Steel 

3  42 

3.30 

Al-Li 

3.17 

3.15 

For  each  specimen  the  range  of  crack  size  over  which  short  crack  data  is  obtained  is  indicated  in  the  figure.  Note 
that  the  difference  between  the  two  curves  and,  hence,  the  difference  between  the  uniform  stress  and  uniform  displacement 
formulations  in  the  area  of  interest  for  the  Al-Li  specimen  varies  from  approximately  3  to  4  percent.  For  the  thicker  and 
narrower  steel  specimens,  however,  the  variation  in  fwKf  between  uniform  stress  and  displacement  formulations  :s  on  the 
order  of  7  to  12  percent  Because  of  the  significant  difference  in  the  results  for  the  steel  specimens  and  the  fact  that  the 
remote  uniform  displacement  more  accurately  describes  the  experimental  test  conditions,  it  was  decided  to  use  a  uniform 
displacement  formulation  for  this  work. 

10 
9 

Figure  Al.-  8 

Comparison  of  finite  width 

correction  factor  for  uniform  7 
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for  two  specimen  configurations. 
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SHORT  AND  LONG  FATIGUE  CRACK  GROWTH  IN  2024-T3  UNDER  FOKKER  100  SPECTRUM  LOADING 
R.J.H.  Wanhill  and  L.  Schra 

National  Aerospace  Laboratory  NLR,  P.O.  Box  90502,  1006  BM  Amsterdam,  The  Netherlands 


SUMMARY 

The  behaviours  of  short  and  long  fatigue  cracks  in  the  widely  used  damage  tolerant  aluminium  alloy 
2024-T3  were  compared  using  flight  simulation  loading  representative  for  the  Fokker  100  wing/ fuselage 
structure.  The  results  showed  that  the  apparently  anomalous  behaviour  of  short  cracks  is  not  significant 
for  durability  analysis  of  the  current  wing/fuselage  structure.  Also  the  data  provide  a  reference  for 
evaluating  new,  candidate  materials  for  durable  wing/fuselage  structures  in  transport  aircraft. 


NOMENCLATURE 


da/dnf,  dc/dn, 


crack  dimensions 

Bonded  Patch  Three  Hole  crack  Tension  (specimen) 

specimen  geometry  factor 

Centre  Crack  Tension  (specimen) 

constant  amplitude  fatigue  crack  growth  rate 

flight  simulation  fatigue  crack  growth  rate 

stress  intensity  factor  *  i nnc>*-t<  pr?/i i »«» f 

cyclic  strain  range 

Elastic  -  Plastic  Fracture  Mechanics 

stress  intensity  factor 

characteristic  stress  intensity  factor  based  on 
elastic  stress  concentration  factor 
stress  Intensity  factor  range 
l ^  short  cracks 

longitudinal,  long  transverse  and  short  transverse  directions 

Linear  Elastic  Fracture  Mechanics 

number  of  flights 

notch  radius  (SENT  specimen) 

stress  ratio  (■  S  .  /S  ) 
min  max 


S  ,S 
max  min 


maximum  and  minimum  stresses 

mean  stress  in  flight 

Single  Edge  Notch  Tension  (specimen) 

yield  stress  (0.2  Z  offset) 

specimen  thickness 

Three  Hole  crack  Tension  (specimen) 

Ultimate  Tensile  Strength 
specimen  width 

damage  tolerant  naturally  aged  AI-Cu-Mg  alloy 


|  MOTE | 

In  this  contribution  tnc  snort  cruet,  nomenclature  is  the  reverse  ot  that  In  the  AUA.UJ  core  programme 
and  the  other  supplemental  programme  contributions.  Thus  the  notch  surface  crack  length  Is  2c  (surface 
crack)  or  c  (corner  crack)  and  the  crack  depth  or  side  surface  dimension  Is  a.  The  reasons  for  choosing 
this  nomenclature  are: 

(1)  It  Is  used  more  or  less  consistently  In  aircraft  damage  tolerance  requirements  (MIL-A-83444)  and 
In  aerospace  fracture  control  guidelines  (ESA  PSS-03-1203) . 

(2)  It  Is  consistent  when  dealing  with  the  transition  from  short  to  long  crack  growth. 
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1 .  INTRODUCTION 

Modern  transport  aircraft  are  designed  for  economic  service  lives  -  50,000  -  100,000  flights.  This 
means  that  permissible  fatigue  stress  levels  in  the  airframe  arc  low  and  that  a  large  part  of  the  fatigue 
life  is  spent  in  initiating  and  growing  small  cracks.  A  schematic  illustration  is  given  in  figure  i:  long 
fatigue  lives  are  achieved  only  when  the  cyclic  stress  and  strain  levels  are  low  and  initial  flaws  are 
absent  or  very  small. 

The  engineering  significance  of  small  fatigue  cracks  depends  on  three  main  factors  [2]: 

(1)  Design  principles  and  fatigue  design  categories. 

(2)  Applicability  of  non-destructive  inspection  (NDI). 

(3)  Service  load  characteristics. 

The  airframes  of  transport  aircraft  arc  designed  according  to  damage  tolerance  principles  (j).  Safe 
and  economic  service  lives  oust  be  established  on  the  basis  of  fatigue  crack  growth  from  pre-existing 
flaws.  Small  cracks  are  therefore  potentially  relevant,  depending  on  the  other  two  factors.  The  most 
important  of  these  is  non-destructive  inspection.  Pre-  and  in-service  NDI  ore  required  for  demonstrating 
safe  crack  growth  l^ves,  but  net  for  the  estimation  of  economic  crack  growth  lives  (durability). 

With  respect  to  safety,  figure  1  indicates  that  microstructurally  short  cracks  are  not  relevant  to 
the  determination  of  fatigue  crack  growth  lives  from  lnspectable  flaw  sizes.  This  is  shown  in  more  detail 
in  figure  2:  all  inspectable  flaw  sizes  are  beyond  0.5  mm,  which  is  about  the  limit  of  the  so-called  short 
crack  regime  for  most  materials  l 4). 

On  the  other  hand,  durability  analyses  arc  concerned  with  the  widespread  initiation  and  growth  of 
very  small  cracks  (5-7).  Assumed  and  estima^d  initial  flaw  sizes  arc  well  within  the  short  crack  regime, 
and  a  better  understanding  of  the  apparent  ,  anomalous  behaviour  of  short  fatigue  cracks  is  therefore 
essential. 

The  primary  objective  of  the  present  work  is  to  examine  the  significance  of  short  fatigue  crack 
growth  for  durability  analysis  of  the  Fokker  100  wing/fuselage  structure.  The  Fokkcr  100  aircraft  is 
designed  to  have  an  economic  repair  life  of  90,000  flights  and  a  guaranteed  crack-free  life  for  the 
primary  structure  of  45,000  flights  (3) . 


2.  MATERIALS 

The  materials  were  2024-T3  and  2024-T3  Alclad  aluminium  alloy  sheet.  Average  longitudinal  tensile 
properties  and  microsti cctural  characteristics  are  given  in  table  1.  The  main  difference  in  properties  was 
the  higher  0TS  for  the  NASA  material.  Constant  amplitude  fatigue  crack  growth  data  for  long  cracks  and  a 
wide  range  of  R  are  presented  in  figure  3  and  compared  in  figure  4.  As  can  be  seen  from  figure  4,  the 
crack  growth  rate  dependences  on  AK  and  R  were  very  similar. 


3.  FATIGUE  TEST  SPF.CTRUM 

The  Reduced  Basic  (RB)  spectrum  for  the  Fokker  100  wing  root  area  was  used  in  this  investigation. 
The  RB  spectrum  differs  from  the  basic  (B)  spectrum  only  in  replacing  taxi  load  cycles  by  a  maximum 
downward  load  during  each  ground  phase  (landing  +  takeoff).  This  approximation  has  no  effect  on  fatigue 
crack  growth  (  \2)  . 

For  testing  purposes  the  RB  spectrum  for  the  wing  root  area  is  approximated  by  the  stepped  gust  and 
taxi  load  levels  shown  in  figure  5.  The  stresses  have  been  expressed  non-dioensionally  by  dividing  them  by 
the  stresses  pertaining  to  undisturbed  cruising  flight.  Thus  the  load  scale  is  expressed  as  S/S  where  S 

mi 

is  stress  and  s»f  is  the  mean  stress  in  flight.  There  are  eight  gust  load  levels  and  three  taxi  load 
levels. 

The  test  load  sequence  consists  of  blocks  of  5000  different  flights.  There  are  eight  different  flight 
types  (A-H)  ranging  from  storm  (A)  to  calm  (H)  conditions.  Table  2  gives  the  frequency  of  occurrence  of 

each  flight  and  each  load  level  within  each  type  of  flight.  The  load  sequence  was  derived  by  defining  the 

sequence  of  application  of  the  different  flights,  the  sequence  of  gust  loads  within  each  flight  and  the 
appropriate  taxi  load  for  each  flight.  Important  properties  of  the  defined  load  sequence  are: 

(1)  The  complete  sequence  of  5000  flights  is  subdivided  into  four  sub-blocks  of  1250  flights,  namely 

one  "A"  sub-block  and  three  "B"  sub-blocks.  The  positions  of  the  severest  flights  in  these  sub¬ 
blocks  are  listed  in  table  3.  These  positions  are  random  except  that  clustering  of  severe  flights 

has  been  avoided.  Also  the  arrangement  of  A  and  B  rype  flights  provides  characteristic  markers  on 

fatigue  fracture  surfaces  and  enables  fractographit  tracing  of  crack  growth  back  to  flaw  depths 
l»oo  t-hpn  0.7  mm  fill. 

(2)  Load  sequences  have  been  generated  individually  for  each  flight  within  a  sub-block.  This  means 
that  flights  of  the  same  type  will  generally  have  a  different  load  sequence.  Also,  the  different 
taxi  load  levels  have  been  distributed  randomly  over  each  sub-block.  Hence  there  is  no  relation 
between  flight  type  severity  and  taxi  load  level. 

(3)  The  loads  within  each  flight  arc  applied  as  a  random  sequence  of  half  cycles  in  such  a  way  that  a 
positive  gust  half-cycle  is  followed  by  a  negative  gust  half-cycle  of  arbitrary  magnitude. 
Naunann  defined  such  a  sequence  as  "random  half-cycle,  restrained"  (14). 
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(4)  The  highest  loml  level  (in  flight  type  A)  corresponds  to  a  cumulative  frequency  of  1  per  5000 
flights,  i.e.  18  occurrences  during  the  economic  repair  life  of  90,000  flights.  This  peak  load 
level  is  considered  to  be  reasonable  for  obtaining  sufficiently  conservative  fatigue  crack  growth 
results  [12}  . 

Examples  of  the  EB  test  load  sequence  (flight  types  A,  F,  G  and  H)  for  the  wing  root  area  are  given 
in  figure  6.  These  illustrate  a  minor  refinement.  During  the  approach  (flaps-out)  phase  the  mean  load  is 
reduced  by  about  2  Z.  This  is  an  approximate  way  of  simulating  mean  load  changes  during  the  different 
flight  phases  (8} . 


4.  FATIGUE  TEST  SPECIMENS 

There  were  three  types  of  fatigue  specimens.  Their  configurations  are  shown  in  figure  7.  The  Single 
Edge  Notch  Tension  (SENT)  specimens  were  identical  to  those  used  in  the  AGARD  core  programme  1 1 5 3  and  were 
used  for  studying  short  crack  growth  under  Fokker  100  spectrum  loading.  Centre  Crack  Tension  (CCT) 
specimens  were  used  for  K-increasing  tests  with  the  Fokker  100  spectrum.  The  starter  notches  were  Electric 
Discharge  Machined  (EDM)  slots  2  mm  long  on  either  side  of  3  mm  diameter  central  holes.  Stress  intensity 
factors  were  calculated  using  appropriate  stresses  and  crack  lengths  in  the  Feddersen  secant  formula  (16 1. 

The  third  specimen  type  was  the  Bonded  Patch  Three  Hole  crack  Tension  (BPTHT)  specimen.  This 
configuration  was  derived  from  the  THT  specimen,  without  bonded  patches,  developed  for  uonotonic  fracture 
testing  by  Newman  (17J.  The  bonded  patches  were  found  to  be  necessary  for  fatigue  testing  in  order  to 
resist  crack  initiation  at  the  other  side  of  the  starter  notch  hole.  A  cold  setting  adhesive,  Agooet  F31G, 
was  first  used.  This  was  replaced  by  a  125  °C  curing  adhesive,  AF163,  which  gave  a  better  bond  but  no 
improvement  in  resistance  to  crack  initiation  at  the  other  sid<  'f  the  starter  notch  hole. 

There  were  two  reasons  for  using  the  BPTHT  specimen  configuration: 

(1)  K  decreases  naturally  with  increasing  crack  length,  thereby  enabling  spectrum  fatigue  long  crack 
growth  tests  down  to  low  stress  intensities  without  imposed  load  shedding. 

(2)  Unlike  concentrated  force  pin-loaded  specimens  (18)  the  BPTHT  specimen  is  suitable  for  load 
histories  containing  compressive  loads. 

Stress  intensity  factors  for  a  range  of  THT  geometries  were  supplied  by  J.C.  Newman,  Jr.  (NASA 
Langley  Research  Centre).  These  solutions  were  used  to  derive  the  BPTHT  specimen.  Figure  8  compares  stress 
intensity  factors  for  the  BPTHT  specimen  and  a  THT  specimen  with  the  same  geometry.  The  BPTHT  specimen  has 
another  advantage  besides  resisting  crack  initiation  at  the  other  side  of  the  starter  notch  hole:  the 
negative  dK/da  is  shallower. 


5.  EXPERIMENTAL  PROCEDURES 

The  SENT  and  CCT  specimens  were  tested  In  a  200  kN  AMSLER  electrohydraulic  machine.  The  BPTHT 
specimens  were  tested  in  a  Ze0  kN  MTS  electrohydraulic  machine.  For  specimens  made  from  the  thinner  gauge 
NASA  material  (sec  table  »)  it  was  necessary  to  use  antibuckling  guides  to  suppress  buckling  during 
compressive  loads.  The  procedures  for  SENT  specimen  testing  and  short  crack  growth  measurements  were 
according  to  guidelines  and  requirements  for  the  AGARD  core  programme  [15).  In  other  words,  the  SENT 

specimens  were  most  carefully  aligned  and  crack  growth  was  monitored  using  the  plastic  replica 

method  (19). 

The  AMSLER  machine  was  controlled  by  an  NLR-developed  device  called  MIDAS  (Magnetic  tape  Input 
Digital-to-Analogue  Signal)  and  the  Fokker  100  RB  spectrum  load  sequence  was  stored  on  magnetic  tape  and 
read  by  an  incremental  recorder.  The  MTS  machine  was  controlled  by  a  PDP  11  computer  and  the  load  sequence 

was  stored  on  a  hard  disc.  All  tests  were  begun  at  flight  number  1.  The  tests  were  run  at  12-20  Hz  in 

laboratory  air  with  relative  humidity  of  40  -  60  Z  at  295  K. 

The  standard  S ^  level  of  the  Fokker  100  wing  root  area  is  65  MPa  (12).  As  with  many  new  aircraft,  it 

may  be  anticipated  that  future  developments  will  lead  to  significant  load  increases  (8).  To  allow  for  this 
eventuality  and  to  provide  conservative  resjlts  a  baseline  S  ^  of  81.25  MPa  (i.e.  125  Z  of  the  standard 

level)  was  used  in  the  present  investigation.  Some  BPTHT  tests  were  done  at  lower  S  f  levels  in  order  to 
reach  lower  stress  intensities.  ® 


6.  DATA  ANALYSIS  PROCEDURES 

6.1  Short  Crack  Stress  Intensity  Factors 

As  described  in  the  AGARD  core  progra^e  f  15)  the  calculation  of  stress  intensity  factors  for  short 
cracks  assumes  that  either  a  scmi-ellipticil  surface  crack  is  ’ocated  at  the  centre  of  the  edge  notch  or  a 
quarter-elliptical  corne*-  crack  is  located  at  an  edge.  A  key  assumption  in  the  calculation  is  that  the 
aspect  ratios  (a/c)  of  t  4  cracks  are  approximated  by: 


surface  crack  | 

a/c  ■  0.9 

-  0.25  (2c/t)2 

0) 

corner  crack  | 

a/c  -  0.9 

-  0.25  (c/t)2 

(2) 
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where  a  and  c  are  the  ellipse  semi-axes  perpendicular  and  parallel  to  the  notch  surface  respectively.  The 
notch  surface  crack  lengths  2c  were  derived  from  projection  of  Che  actual  crack  lengths  onto  a  line 
perpendicular  to  the  stress  axis  and  parallel  to  the  notch  surface. 

Use  of  Fokker  100  spectrum  loading  enables  checking  the  applicability  of  equations  (1)  and  (2) 
because  the  load  sequence  results  in  characteristic  markers  on  the  fracture  surfaces.  An  example  is  given 
in  figure  9,  which  shows  that  crack  front  markers  can  be  traced  back  to  flaw  depths  less  than  25  urn. 

The  fracture  surfaces  of  specimens  tested  under  the  Fokker  100  RB  spectrum  loading  were  examined  by 
scanning  electron  microscopy  (SEM).  All  cracks  initiated  as  semi-elliptical  surface  cracks.  The  a/c 
dependence  on  crack  size  and  specimen  thickness  is  plotted  in  figure  10  together  with  the  approximation 
equation  (1)  and  constant  amplitude  data  from  Swain  and  Newman  (20).  Equation  (1)  fits  the  data  well  for 
surface  crack  lengths  2c  >  100  pm.  For  smaller  cracks  a  better  fit  is  obtained  with  the  dashed  line 
bounded  by  a/c  values  of  0.4  and  0.9. 

In  view  of  this  result,  short  crack  stress  intensity  factors  were  calculated  using  equation  (1)  or 
the  dashed  line  in  figure  10,  depending  on  the  appropriate  crack  size  regime. 


6.2  Short-to-Long  Crack  Stress  Intensity  Factors 

Short  cracks  in  SENT  specimens  were  allowed  to  become  through  cracks,  uis  enabled  comparison  of  SENT 
and  CCT  specimen  long  crack  growth  data.  Stress  intensity  factors  for  through  cracks  in  the  SENT  specimens 
were  estimated  as  follows: 

(1)  For  0.3  mm  <  a  <  1.5  mm  use  was  made  of  a  transitional  curve  between 

K  -  2.95S  .'aa  (3) 

K  -  CS  /a(a+r)‘  (4) 

and  C  -  1.12  -  0.231  (<a+r)/W)  +  10.55  {(a+r)/W)2  -  21.72  ((a+r)/K)3  d  30  39  (<a+r)/!!)\ 

(2)  For  a  >  1.5  ram  aquation  (4)  was  used. 

Equation  (3)  is  derived  from  the  Smith  and  Miller  approximation  for  short  cracks  at  notches  (21)  and 
equacion  (4)  is  the  Brown  and  Srawley  approximation  for  a  single  edge  cracked  plate  [22]. 

6.3  Non-interaction  Criteria  for  Crack  Coalescence  and  "Shadowing" 

Multiple  cracking  at  the  notch  roots  of  SENT  specimens  results  in  crack  interactions  (coalescence  and 
"shadowing")  that  affect  crack  growth  rates.  Straightforward  criteria  for  rejecting  crack  growth  data  when 
Interactions  occur  were  proposed  by  J.  Foth  (formerly  with  the  Industrleanlagen-Betriebsgesellschaft, 
Federal  Republic  of  Germany)  and  are  illustrated  in  figure  11.  There  are  three  basic  criteria  for  non¬ 
interaction: 

(1)  Crack  growth  data  for  colinear  cracks  (4j  and  *2  in  figure  11a)  are  rejected  when  the  distance 
dj  ^  between  adjacent  crack  tips  is  less  than  the  length  of  the  larger  crack.  4j .  In  this  case 
crack  interaction  is  expected  to  accelerate  crack  growth. 

(2)  Crack  growth  data  for  cracks  one  above  the  other  (4(  aiej  1.  in  figure  11a)  arc  rejected  when  the 
distance  hj  j  between  them  is  less  than  the  length  of  the  larger  crack,  4j.  Here  it  Is  expected 
that  the  larger  crack  "shadows"  the  smaller  on.-,  i.e.  the  stresses  In  the  vicinity  of  the  shorter 
crack  are  reduced  and  Its  growth  rate  decreases. 

(3)  Crack  growth  data  for  coalesced  cracks,  figure  lib,  are  rejected  until  the  combined  crack 
length  4  Is  twice  the  total  length  at  coalescence,  4 ^  1-  4^.  This  criterion  allows  for  the 
development  of  a  stable,  representative  crack  front  for  the  combined  crack. 

These  three  non-interaction  criteria  have  been  used  in  the  AGARD  core  programme  1 151  and  were  also 
applied  to  the  crack  growth  data  from  the  present  work. 


6.4  Calculation  of  Crack  Growth  Ratea 


Crack  growth  rate3  for  both  long  and  short  cracks  were  calculated  by  the  point-to-point  method,  i.e. 


or 


da 

dn. 


“l+l  ~  al 
"iH  '  "i 


dc 

dnf 


0.5 


(2c)J+,  -  (2c)i 
ni+l  ‘  nl  . 


(5) 

(6) 


The  corresponding  crack  lengths  and  stress  intensity  factors  were  determined  using  the  means  of  the 
crack  growth  increments. 
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7.  RESULTS 

7.1  Short  Crack  Growth 

The  short  crock  growth  data  will  be  presented  in  the  following  ways: 

•  notch  surface  crack  lengths,  2c,  versus  number  of  flights,  nf 

•  valid  notch  surface  crack  growth  rates,  dc/dn^,  versus  2c 

•  valid  in-depth  crack  growth  rates,  da/dn^,  versus  K^. 

In  the  latter  instance  figure  10  was  used  to  convert  2c  versus  n^  data  into  a  versus  n^  values,  which 
were  then  used  to  derive  da/dn£.  The  a  values  were  also  used  to  calculate  the  means  of  the  in-depth  crack 

growth  increments  and  hence  which  is  the  in-depth  stress  intensity  factor  corresponding  to  S  £,  the 

mean  stress  in  flight.  ® 

Several  cracks  initiated  at  the  notch  roots  of  each  specimen  and  some  of  the  cracks  coalesced. 
Figures  12  and  13  show  the  crack  length  versus  number  of  flights  data  for  the  five  or  six  main  cracks  in 
each  specimen.  The  growth  of  individual  cracks  was  extremely  slow:  only  a  few  tenths  of  a  millimetre  in 
more  than  one  hundred  thousand  simulated  flights. 

Crack  growth  rates  versus  crack  lengths  are  plotted  in  figures  14  and  15.  Large  variations  in  crack 
growth  rates  and  temporary  slowing  of  crack  growth  appear  to  be  characteristic.  These  features  may  well 
reflect  the  resistance  to  crack  growth  afforded  by  grain  boundaries  [23-271,  hut  this  could  not  be 
ascertained  from  the  plastic  replicas.  However,  it  was  possible  to  determine  the  crack  initiation 
mechanism.  All  cracks  initiated  at  the  interfaces  between  inclusions  and  the  alloy  matrix.  This  is 
consistent  with  the  results  of  the  AGARD  core  programme  [15]  and  earlier  investigations  of  high-cycle 
fatigue  in  2024  alloy  [28-30). 

In-depth  crack  growth  rates  versus  the  characteristic  stress  intensity  factor  K  .  are  shown  in 

mi 

figure  16.  A  best  fit  linear  relationship  between  log  da/dn^  and  log  is  indicated  together  with  95  % 

confidence  limits  for  the  data.  It  is  evident  that  despite  considerable  variations  in  crack  growth  rates 
at  similar  values  there  is  a  trend  of  increasing  crack  growth  rates  with  increasing  K^. 


7.2  Long  Crack  Growth  Under  K- Increasing  Conditions 

The  long  crack  growth  behaviour  of  the  NASA  and  Fokker  100  materials  is  compared  in  figure  17.  Crack 
growth  rates  were  significantly  different  up  to  -  20  MPa/o.  In  particular,  the  NASA  material  exhibited 

3n  initially  decreasing  crack  growth  rate.  This  behaviour  is  characteristic  of  ductile,  thin  sheet 
materials  tested  under  gust  spectrum  loading  [31],  whereby  peak  loads  in  severe  flights  cause  significant 
crack  growth  retardation.  The  difference  in  crack  growth  behaviour  between  the  two  materials  can  be 
explained  by  differing  constraint  (stress  state)  during  peak  loads  as  a  consequence  of  different  sheet 
thicknesses. 

Figure  18  compares  the  long  crack  growth  behaviour  of  SENT  and  CCT  specimens  of  the  NASA  material. 
Again  there  arc  differences  In  crack  growth  rates  up  to  ~  20  MPa/m.  In  this  case  It  is  thought  that 

differing  constraint  occurs  during  peak  loads  at  similar  K  ^  values  because  of  the  different  specimen 

geometries.  Also  there  may  be  differing  st  rt-ut»  effects  during  which  crack  closure  levels  gradually 
stabilise  [15). 


7.3  Long  Crack  Growth  Under  K-Decreasing  Conditions 

The  long  crack  growth  behaviour  of  BPTHT  specimens  of  the  NASA  material  is  showngin  figure  19.  The 
crack  growth  rate  deta  were  poorly  correlated  by  K^.  Crack  growth  rates  below  2  x  \0~°  m/flight  were  not 

obtained  owing  to  secondary  crack  initiation  at  the  other  side  cf  the  starter  notch  hole. 


7.4  Comparisons  of  Short  and  Long  Crack  Growth  Behaviour  for  the  NASA  Material 

Figure  20  combines  the  short  and  long  crack  growth  rate  daM  plotted  against  Kq£.  The  data  envelopes 

give  an  indication  -  despite  the  considerable  spread  in  the  data  -  that  short  cracks  propagate  at  higher 
crack  growth  rates  than  would  be  expected  from  extrapolation  of  the  long  crack  data.  The  differences 
between  long  crack  growth  rate  data  for  different  specimen  types  may  be  due  to  differing  constraint  during 
peak  loads,  differences  in  start-up  effects,  aud  differing  dK/da. 


8.  DISCUSSION 

8.1  Practical  Significance  of  Short  Cracks 

The  practical  significance  of  short  fatigue  cracks  in  aerospace  aluminium  alloys  Involves  two  main 
-  and  Interrelated  -  aspects: 

(1)  The  potential  importance  of  short  crack  behaviour  for  durability  analysis  of  widespread  cracking 
ot  fastener  holes  In  airframes  [2}. 
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(2)  In  the  development  of  new  airframe  materials  (e.g.  aluminium  -  lithium  alloys)  the  short  crack 
behaviour  should  be  compared  with  that  of  established  materials  which  have  proven  capable  of 
being  built  into  durable  structures. 

The  results  of  this  investigation  are  relevant  primarily  to  asaesslng  the  importance  of  short  fatigue 
crack  growth  for  durability  analysis  of  the  Fokker  100  wing/fusclage  structure.  However,  because  the 
material  tested  is  the  widely  used  damage  toleran:*  alloy  2024-T3,  the  data  also  provide  a  reference  for 
evaluation  of  new  materials. 

Comprehensive  durability  analysis  requires  a  probabilistic  approach  to  characterizing  initial  flaw 
sizes  and  predicting  crack  growth  at  fastener  holes  in  airframes  (5,6,32-35).  The  scope  of  the  present 
work  allows  only  simple  crack  growth  predictions,  which  are  nevertheless  useful  for  assessing  the 
significance  of  short  cracks  in  the  Fokker  100  wing/fuselage  structure.  The  approach  is  as  follows: 

•  assume  initial  corner  flaws  with  side  surface  dimension  a  -  0.127  mm  at  each 

fastener  hole:  this  is  a  reasonably  conservative  assumption  in  lieu  of  actual  data 

on  as-manufactured  airframe  quality  (3) 

•  derive  a  versus  K.  for  a  quarter-elliptical  comer  crack  at  the  notch  in  a  SENT 

specimen  with  thickness  t  -  4  mm  (representative  for  the  Fokker  100  wing/fuselage 
skin)  using  the  appropriate  stress  intensity  factor  equation  (lb)  and  S  ^  levels 

of  65  MPa  and  81.25  MPa:  the  SENT  specimen  configuration  is  suitable  because  the 
notch  is  representative  for  fastener  holes  in  airframes  (15) 

•  transform  the  best  fit  and  95  %  confidence  upper  limit  relationships  between 

da/dn^  and  in  figure  16  into  curves  of  dn^/da  versus  a  for  quarter-elliptical 

corner  cracks  at  the  notches  in  SENT  specimens  with  S  f  levels  of  65  MPa  and  81.25 
MPa 

•  numerically  integrate  the  curves  of  dn^/da  versus  a  to  obtain  a  versus  plots  up 

to  c  *  4  mm  (side  surface  dimension  a  -  2.6  mm,  see  equation  (2)) 


USE  SHORT 
CRACK  GROWTH  < 
RATE  DATA 


•  at  c  -  4  mm  assume  Instantaneous  transition  from  a  quarter-elliptical  corner  crack 
to  a  through  crack  of  length  a  “  2.6  mm 

•  derive  a  versus  for  a  through  crack  using  "  1.12Sffl^  /ri(a+r)\  i.e. 

neglecting  finite  width  effects  in  equation  (4),  and  S  f  levels  of  65  MPa  and 
81.25  MPa* 


USE  LONG 
CRACK  GROWTH 
RATE  DATA 


•  transform  the  upper  bound  relationship  between  da/dn^  and  K^  for  through  cracks 

in  SENT  specimens  (see  figure  18)  into  curves  of  dnf/da  versus  a  at  S  f  levels  of 
65  MPa  and  81.25  MPa  1 


•  numerically  integrate  the  curves  of  dn^/da  versus  a  to  give  a  versus  n^  plots 

•  sum  the  results  of  the  short  and  long  crack  a  versus  n^  plots  to  obtain  estimates 

of  crack  dimensions  after  45,000  flights  (guaranteed  crack-frce  life)  and  90,000 
flights  (economic  repair  life):  compare  these  dimensions  with  in-service  NDI 
limits. 


Figure  21  shows  the  estimated  crack  sizes  as  functions  of  the  best  fit  and  upper  limit  da/dn^ 
versus  K^  relationships,  and  S^.  At  45,000  flights  the  estimated  crack  sizes  are  below  6.35  mm,  which  is 

the  minimum  detectable  by  in-service  inspection  (last  column  of  figure  2).  This  result  is  consistent  with 
Che  design  goal  of  a  guaranteed  crack-free  life  of  45,000  flights. 


At  90,000  flights  the  situation  is  more  complicated.  With  the  current  design  S  ,  level  of  65  MPa  the 

mt 

maximum  estimated  crack  size  is  7.7  mm.  Taking  into  account  the  presence  of  fasteners  in  actual 
structures,  this  crack  size  is  below  the  minimum  detectable  by  in-service  inspection.  Thus  in  view  of  the 
consistently  conservative  assumptions  used  in  the  estimate,  we  conclude  that  short  fatigue  crack  behaviour 
is  not  significant  for  durability  analysis  of  the  current  wing/fuselage  structure  of  the  Fokker  100.  In 
other  words,  widespread  detectable  cracking  at  fastener  holes  would  not  be  expected  to  occur  within  the 
design  economic  repair  life  of  90,000  flights  unless  the  initial  flaw  sizes  were  larger  -  which  is 
unlikely  -  and  probably  beyond  the  short  crack  regime. 


On  the  other  hand,  figure  21  also  shows  chat  with  an  S  f  level  of  81.25  MPa  the  maximum  estimated 

mi 

crack  size  at  90,000  flights  is  84  mm.  This  is  well  beyond  the  minimum  detectable  by  in-service 
inQperticn,  such  a  crack  be  lepuiica  before  yu,000  flights  were  reached.  The  differences  within 

and  between  the  upper  and  lower  diagrams  in  figure  21  are  dramatic  and  Illustrate  the  important  influence 
of  design  stress  level  and  choice  of  short  crack  growth  rate  relationships.  It  seems  fair  to  state  that  if 
future  developments  lead  to  design  stress  level  increases  of  10  Z  or  more,  the  significance  of  short 
fatigue  crack  behaviour  for  durability  analysis  of  the  Fokker  100  ving/fuseloge  structure  should  be 
examined  by  a  comprehensive  probabilistic  approach,  as  mentioned  earlier.  Important  aspects  of  this 
problem  arc  the  generation  of  representative  short  crack  growth  data  and  the  use  of  short  crack  growth 
models  to  provide  additional  analytical  capabilities. 
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8.2  Models  of  Short  Crack  Growth 

Short  crack  growth  models  are  in  two  categories:  the  microstructural  barrier  model  developed  by 
Miller  and  co-workers  [36-40]  and  the  analytical  crack  closure  model  used  by  Newman  ( 15,41 ,42) .  The 
applicability  of  these  models  to  aluminium  alloys  will  be  discussed  briefly  and  in  a  general  way. 

The  microstructural  barrier  model  describes  short  crack  growth  by  two  simple  equations  whose  regions 
of  applicability  are  defined  by  a  critical  crack  length  at  which  the  slowing  down  of  early  crock  growth 
changes  to  acceleration.  This  model  has  been  successful  for  carbon  steels  l 36-40]  but  the  behaviour  of 
aluminium  alloys  is  more  complicated.  Specifically,  there  may  be  several  temporary  slowings  of  crack 
growth  at  different  crack  lengths.  This  can  be  seen  in  figures  14  and  15,  and  also  more  conclusively 
in  [23-27].  Much  of  the  attractive  simplicity  of  the  microstructural  barrier  model  would  be  lost  if  one 
attempted  to  apply  it  to  aluminium  alloys. 

The  analytical  crack  closure  model  is  capable  of  predicting  crack  growth  rate  variations  caused  by 
peak  loads  but  not  by  microstructural  barriers.  Nevertheless,  the  model  predicts  the  general  trends  of 
short  crack  growth  under  both  constant  amplitude  and  spectrum  loading  [15,41,42].  This  should  be 
sufficient  provided  upper  limits  can  be  defined  to  give  consistently  conservative  predictions,  e.g  by 
using  a  probabilistic  approach. 


8.3  Characteristic-K  Correlations  of  Long  Crack  Growth  Rates  and  their  Significance  for  Crack  Growth 

Prediction 

As  discussed  recently  [43]  successful  correlations  of  flight  simulation  fatigue  crack  growth  rates  by 
characteristic  stress  intensity  factors  can  be  useful  for  interpolative  predictions  of  crack  growth. 
However,  such  correlations  are  empirical  and  by  themselves  provide  little  in.-lght  into  crack  growth 
behaviour. 

Ironically,  unsuccessful  correlations  are  more  instructive.  The  long  crack  growth  results  from  the 
present  work  indicate  that  characteristic-K  correlations  tail  when  the  constraint  during  peak  loads  is 
different.  This  means  that  temporary  changes  in  constraint  during  peak  loads  should  be  taken  into  account 
by  more  sophisticated  prediction  methods,  for  example  the  models  of  Newman  [44],  De  Koning  145]  and  Baudin 
and  Robert  [46]. 

Characteristic-K  correlations  will  also  fail  as  a  consequence  of  start-up  effects  that  depend  on 
specimen  geometry,  and  may  fail  owing  to  differing  dK/da.  This  means  that  careful  consideration  must  be 
given  to  the  choice  of  specimen  geometry  in  relation  to  crack  growth  in  an  actual  structure,  and  that  test 
results  must  be  screened  to  eliminate  suspect  or  spurious  data.  Analytical  strip-yield  models  based  on 
crack  closure  [44,47]  can  be  helpful  in  this  respect. 


9.  CONCLUSIONS 

From  the  results  of  the  present  investigation  the  most  important  conclusions  are: 

(1)  The  apparently  anomalous  behaviour  of  short  fatigue  cracks  is  not  significant  for  durability 
analysis  of  the  current  wing/fuselage  structure  of  the  Fokker  100  aircraft. 

(2)  If  future  developments  result  in  design  stress  increases  of  10  Z  or  more,  the  significance  of 
short  fatigue  crack  behaviour  for  durability  analysis  of  the  Fokker  100  wing/fuselage  structure 
should  be  examined  by  a  comprehensive  probabilistic  approach. 

(3)  The  data  provide  a  reference  for  evaluating  new  materials  (e.g.  aluminium-lithium  alloys)  as 
candidates  for  durable  wing/fuselage  structures  In  transport  aircraft. 

There  are  several  additional  conclusions: 

(4)  Under  flight  simulation  loading  short  cracks  initiated  in  the  damage  tolerant  2024-T3  alloy  at 
the  interfaces  between  inclusions  and  the  alloy  matrix.  This  is  consistent  with  previous  results 
for  low  strcss/high-cycle  fatigue. 

(5)  Individual  short  cracks  grew  very  slowly:  only  a  few  tenths  of  a  millimetre  in  more  than  one 
hundred  thousand  simulated  flights.  Large  variations  in  crack  growth  rates  and  temporary  slowing 
of  crack  growth  at  different  crack  lengths  appear  to  be  characteristic.  This  behaviour 
complicates  the  use  of  models  to  predict  short  crack  growth. 

(6)  Short  cracks  propagated  at  higher  crack  growth  rates  than  would  be  expected  from  extrapolation  of 
long  crack  data. 

(7)  Characteristic-K  correlation  of  long  crack  growth  rates  for  different  specimen  types  failed, 
especially  at  lower  stress  intensities.  The  lack  of  correlation  is  attributed  to  differing 
enn«rra(nt  during  npak  loads,  start-up  effects  and  differing  dK/da.  The  effect  of  differing 
constraint  during  peak  loads  should  be  taken  into  account  by  long  crack  growth  models.  Also, 
analytical  strip-yield  models  can  be  helpful  in  determining  which  data  must  be  eliminated  because 
of  start-up  effects. 

(8)  The  Bonded  Patch  Three  Hole  crack  Tension  (BPTHT)  specimen  is  at  present  unsatisfactory  for 
spectrum  fatigue  long  crack  growth  tests,  owing  to  secondary  crack  initiation  at  the  other  side 
of  the  starter  notch  hole.  It  is  recommended  to  evaluate  specimens  with  higher  modulus  patches, 
e.g.  titanium  alloy  or  steel  patches. 


(9)  The  Fokker  100  Reduced  Basic  (RB)  spectrum  load  sequence  for  the  wing  root  area  results  in  crack 
front  markers  that  can  be  traced  back  to  flaw  depths  less  than  10  ym  in  favourable  circumstances. 
This  is  useful  for  determination  of  small  crack  geometries  and  also  post-test  measurement  of 
crack  growth  rates. 
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TABLE  1 

Average  longitudinal  tensile  properties  and  microstructural  characteristics 
of  the  materials  (9) 


MATERIAL 

2024-T3 

2026-T3  Alclad 

SOURCE 

NASA  Langley  Research  Centre 

Fokker  100  Programme 

SHEET  THICKNESS  (om) 

2.3 

3.8 

o  (MPa) 

y 

359 

352 

UTS  (MPa) 

697 

456 

ELONGATION  (%) 

21 

19 

MEAN  PLANAR  DISTANCE 

BETWEEN  DISPERSOIDS  (pm) 

■SBfll 

GRAIN  DIMENSIONS  (urn) 

■■m 

wmm 

TABLE  2 

Definition  of  flight  types  and  the  number  of  gust  cycles 
within  each  flight  for  the  Fokker  100  spectrum  1 8 J 


NUMBER  OF  FLIGHTS 

NUMBER  OF  GUST  LOADS 

(FULL  CYCLES) 

AT  THE 

TOTAL  NUMBER 

FLIGHT 

IN  ONE  BLOCK 

8  AMPLITUDE  LEVELS 

OP  CYCLES 

NUMBER 

OF  5000  FLIGHTS 

VIII 

VII 

VI 

V 

IV 

III 

II 

I 

PER  FLIGHT 

A 

1 

1 

1 

2 

4 

9 

17 

28 

62 

124 

B 

3 

1 

0 

4 

6 

12 

24 

62 

109 

C 

8 

1 

1 

4 

8 

19 

50 

83 

D 

28 

1 

1 

8 

15 

66 

69 

E 

148 

1 

2 

10 

29 

42 

F 

676 

1 

5 

23 

29 

G 

1588 

2 

12 

14 

H 

2548 

13 

13 

TOTAL  NUMBER  OF  CYCLES  PER 
BLOCK  OF  5C00  FLIGHTS 

| 

D 

10 

52 

235 

1313 

8708 

73.900 

CUMULATIVE  NUMBER  OF  CYCLES 
PER  BLOCK  OF  5000  FLIGHTS 

i 

5 

15 

67 

302 

1615 

0,323 

84,223 

AVERAGE  NUHBER  OF  GUST  CYCLES  PER 

FLIGHT 

-  16 

8 

TABLE  3 

Positions  of  severest  flights  in  the  Fokker  100  spectrum  test  load  sequence  1 1 2 J 


FLIGHT  NUMBER  IN 

SUB-BLOCK 

TYPE 

"A"  SUB-BLOCK 

"B"  SUB-BLOCK 

A 

B 

D 

699 

369,1013 

160,321,551,769,780,823,929 

699 

369,1013 

160,321 ,551 ,769,780,823,929 

8-11 


LOG  CYCLIC 
STRAIN  (Ac) 


ELASTIC- 

PLASTIC 


ELASTIC 


MONOTONIC  FRACTURE  STRAIN 


AMOUNT  OF  FATIGUE  LIFE  SPENT  IN 
CRACK  INITIATION  AND  GROWTH  OF 
MICROSTRUCTURALLY  SHORT  CRACKS: 


INITIAL  FLAW  SIZE  INITIAL  FLAW  SIZE  INITIAL  FLAW  SIZE  NO  INITIAL  FLAW 

~  10mm  ~1mm  ~  0.1  mm 

(IN-SERVICE  (PRE-SERVICE  (MICROSTRUCTURALLY  (IUEAL  SURFACE) 

SPECIAL  NOD  SPECIAL  NOI)  SHORT  CRACK) 


LOG  CYCLES  OR  FLIGHTS 

Fig,  1  Schematic  relation  between  fatigue  lives,  stress-strain  levels  and  initial  flaw  sizes.  After  [l] 
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Fig.  2  Current  well-defined  NDI  Halts  for  initial  flaw  sizes  in  aerospaco  structures  (2) 


Fig.  3  Constant  amplitude  long  fatigue  crack  growth  rates  for  the  sheet  materials  [lO.llj 


Fig.  4  Comparisons  of  constant  amplitude  long  fatigue  crack  growth  rates  for  similar  R  values 
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235 
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CUMULATIVE  FREQUENCY  PER  BLOCK  OF  5000  FLIGHTS 

Fig.  5  Stepped  approximation  to  the  Fokker  100  Reduced  Basic  spectrum  for  the  wing  root  area 
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INTERACTING  SURFACE! 
CRACKS  FOR  d1  2  =  0 
(SECTION  A-A)' 


C 


DEFINITION  OF  VALID 
AND  INVALID  CRACK 
GROWTH  DATA 


CRACK 

LENGTH 


Fig.  11  The  Foth  non-interaction  criteria  for  crack  coalescence  and  "shadowing"  (sec  text) 


(m/FLIGHT) 


Fig.  15  Valid  short  crack  growth  rates  versus  crack  lengths  for  SENT  spoclmen  A68-11 
tested  with  the  Fokkor  100  Reduced  Basic  spectrum  load  sequence: 

S_,  =  81.25  MPa 
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SIDE  SURFACE 
CRACK  LENGTH 
a  (mm) 


Fig.  21  Estimated  fatigue  r-.ack  growth  from  an  initial  corner  flaw  <side  surface  dimension  a  =  0.127  mm) 
at  a  fastener  hole  in  4  mm  thick  2024-T3  subjected  to  the  Fokker  100  Reduced  Basic  spectrum 
load  sequence 
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GROWTH  OF  SHORT  FATIGUE  CRACKS  IN  7075-T6  ALUMINUM  ALLOY 
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SUMMARY 

In  this  study,  as  part  of  the  Supplemental  Programme  of  the  AGARD  Collaborative 
Effort  on  Short  Cracks,  the  growth  of  short  latigue  cracks  was  monitored  using  a  plastic 
replica  method  for  cracks  propagating  on  the  specimen  notch  from  the  initial  iength  of 
40-50  um  up  to  the  specimen  thickness  of  2.3  mm.  Single-edge-notched  tension  (SENT) 

A1  7075-T6  specimens  were  tested  under  R-ratios  of  0.5,  0,  -1  and  at  two  different  stress 
levels  of  each  R-ratio. 

The  general  conclusion  is  that  the  crowth  rates  of  short  cracks  seem  to  be  faster 
than  the  growth  rates  of  long  cracks  for  an  R-ratio  of  -1.  No  significant  differences 
were  observed  for  R  =  0,  and  the  short  cracks  actually  grew  more  slowly  at  R  =  0.5. 


INTRODUCTION 

Fatigue  crack  propagation  in  engineering  materials  has  been  the  subject  of  consider¬ 
able  research.  Most  of  these  researches  were  especially  on  the  behaviour  of  "long" 
fatigue  cracks.  However,  the  growth  characteristics  of  "short"  cracks  in  metals  and 
alloys  were  less  investigated,  even  though  they  have  undoubted  importance  from  an 
engineering  point  of  view. 

Fatigue  cracks  can  be  defined  as  "short"  or  "small"  (i)  when  their  length  is  small 
compared  to  relevant  microstructural  dimensions  (a  continuum  mechanics  limitation) ,  (ii) 
when  their  length  is  small  compared  to  the  scale  of  local  plasticity  (a  linear  elastic 
fracture  mechanics  (LEFM)  limitation) ,  or  (iii)  when  they  are  simoly  physically  small 
(eg  <0.5  -  1  mm)  ( 1 ! . 

Following  the  initial  work  of  Pearson  12)  and  the  general  overview  of  Suresh  and 
Ritchie  (1),  some  attention  has  been  focussed  on  the  growth  of  short  fatigue  cracks. 
Experiments  have  been  done  to  study  the  differences  observed  between  short  and  long  crack 
behaviour  on  several  materails  such  as  aluminum  allovs  13-6),  steels  17,8),  titanium 
alloys  19,10),  aluminum-lithium  alloys  (11,12),  copper  alloys  (13,14),  and  nickel-based 
superalloys  [15). 

Numerous  investigators  [3-6!  have  observed  that  the  growth  characteristics  of  short 
fatigue  cracks  in  plates  and  at  notches  differ  from  those  of  long  cracks  m  the  same 
material  under  the  same  loading  conditions. 

Usually  short  cracks  are  observed  to  initiate  and  grow  at  stress  intensities  below 
the  long  crack  threshold  stress  intensity  factor  values.  Some  of  the  short  cracks  grow 
with  decreasing  rates  until  arrest,  while  others  propagate  quite  raDidly  and  merge  with 
long  crack  data  (Figure  1). 

Since  crack  growth  from  "short”  pre-existing  flaws  in  many  engineering  structures  is 
an  important  part  of  their  fatigue  life,  the  growth  behaviour  of  short  fatigue  cracks  has 
great  importance  for  understanding  the  total  fatigue  process  of  the  component. 

The  purpose  of  this  study  was  to  generate  short  crack  growth  data  on  7075-T6  aluminum 
alloy.  The  growth  of  short  cracks  in  edge-notched  sheet  specimens  of  A1  7075-T6  in 
laboratory  air  and  at  room  temperature  under  loading  conditions  of  three  different 
R-ratios,  0.5,  0,  -1  and  at  two  different  stress  levels  of  each,  were  measured  using  a 
replication  technique. 


MATERIAL,  SPECIMEN  AND  EXPERIMENTAL  PROCEDURE 

The  short  crack  specimen  used  in  this  study  was  the  single-edge-notched  tension 
(SENT)  fatigue  specimen.  The  notch  was  semi-circular  with  a  radius  of  3.18  mm 
(Figure  2) . 

The  material  was  7076-T6  aluminum  alloy  cheer  with  a  thicKnoas  of  7.3  mm.  This 
material  was  taken  from  a  special  stock  of  aluminum  alloy  sheets  retained  in  NASA  Langley 
Research  Center  for  fatigue  testing.  The  fatigue  crack  growth  properties  of  this 
material  are  discussed  in  References  16  and  17. 

An  MTS  servo-controlled  hydraulic  testing  machine  with  hydraulic  grips  was  used  for 
constant  amplitude  fatigue  testing.  Aluminum  shims  were  used  between  the  specimen  and 
the  grip  jaws  to  prevent  any  damage  to  the  specimen  by  the  grios. 
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Figure  1 .  Schematic  fatigue  crack  growth  rate  data 
for  short  and  long  cracks 


L _ .  ..  .  ..  .1 

Optional  hole 

■ - — - - 

K  = 

1 

1 

>0  mm  1  !  x 

j 

r\  ! 

Gr Id  line 

Thickness  «  B  =  2.3  mn 


I 

Grip  line 


r  =  3.18  nm 


I 


Figure  2.  Single-edge-notched  tension  fatigue  specimen 


Under  compressive  loading  (R  =  -11,  anti-buckl ing  guide  plates  lined  with  teflon 
sheets  were  used  (Figure  3)  to  eliminate  buckling  of  samples. 

In  the  testing  programme,  constant  amplitude  sinusoidal  loading  was  used  with  a 
frequency  of  15  Hz  at  all  stress  ratios.  At  each  R-ratio,  two  stress  levels  (Smax)  were 
applied,  providing  a  total  of  six  different  loading  conditions: 

?max  =  ?20  MPa  and  195  MPa  for  R  =  0.5 
-  140  Hr  a  aliu  120  MPa  foi  R  -  G 
smax  =  95  MPa  and  80  MPa  for  R  =  -1 . 
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LOAD 


Figure  3.  Schematic  of  anti-buckling  guide  plates 


For  each  test  condition  there  were  two  objectives.  The  first  was  to  obtain  surface 
crack  length  against  cycles  data,  and  the  second  was  to  obtain  short  crack  depth 
information . 

For  the  first  objective  one  specimen  was  tested  to  obtain  surface  crack  length 
against  cycles  data,  using  the  plastic  replica  method,  until  one  continuous  crack  was  all 
the  way  across  the  notch  root.  The  specimen  was  then  pulled  to  failure. 

For  the  second  objective  one  specimen  was  tested  until  the  total  surface  crack 
length  along  the  bore  of  the  notch  was  between  1  and  2  mm.  The  specimen  was  then 
statically  pulled  to  failure.  Microscopic  examination  of  the  fracture  surface  revealed 
the  surface  crack  shape  and  size. 

To  take  replicas,  tests  were  interrupted  at  certain  cyclic  intervals.  The  cycle 
interval  was  selected  so  that  about  15  replicas  were  taken  during  one  test.  While  taking 
replicas  the  specimen  was  loaded  to  about  80%  of  maximum  load  so  that  any  cracks  present 
would  be  open.  The  replicas  were  then  examined  under  a  stereo  ootical  microscope  to 
measure  the  length  and  determine  the  location  of  the  crack (s). 


DATA  ANALYSIS 

Figure  4  shows  the  area  over  which  crack(s)  were  monitored  and  recorded  by  plastic 
replicas . 

After  measuring  the  crack  length  along  the  h\>,.e  of  the  notch,  its  value  and  location 
were  recorded  on  the  Data  Chart  as  a  function  of  cycles.  The  Data  Chart  includes  the 
specimen  number,  loading  type,  peak  stress,  and  a  grid  upon  which  the  information  obtained 
from  a  replica  was  recorded.  Each  record  of  crack  length,  location  and  cycles  was  taken 
at  specified  cycle  intervals. 

At  the  lower  stress  levels  usually  a  single  crack  initiated  and  dominated  for  most 
of  the  fatigue  life.  However,  at  the  higher  stress  levels  several  cracks  developed  along 
the  be  re  of  the  notch. 

To  calculate  the  stress  Intensity  factor,  the  crack  length  (a)  and  the  crack  depth 
(c)  must  be  known.  Since  replica  method  only  gives  information  on  the  crack  length,  the 
crack  depth  (c)  was  calculated  from  the  equation: 

~  =  0.9  -  0.25  (f)2 

a  t- 

where  t  is  the  specimen  thickness.  This  equation  is  in  good  agreement  with  experimental 
measurements  and  analytical  calculations  made  on  surface  cracks  growing  from  ar.  edge 
notch  in  Reference  18. 
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The  stress  intensity  factor  range  equation  used  was  H8J : 
uK  =  AS/(rra/Q)  F 

where  AS  is  the  stress  range  (Smax  -  Srain) ,  Q  is  the  shape  factor  and  F  is  the  boundary- 
correction  factor. 

The  calculation  of  crack  growth  rate  was  a  simple  point-to-point  calculation,  ie: 

da  .  Aa  _  a?-ai 
dN  '  AN  “  Nj-Ni 

The  cycle  interval,  N2-Ni,  is  the  interval  between  replicas. 

The  corresponding  stress  intensity  factor  range  (AK)  is  calculated  at  an  average 
crack  length  (a)  given  by: 


RESULTS  AND  DISCUSSION 

Fractographic  examination  of  the  broken  specimens  showed  that  crack  initiation  in 
general  occurred  at  inclusion  particle  clusters.  These  cracks  appear  to  have  initiated 
from  defects  caused  by  the  separation  of  the  alloy  matrix  material  from  an  inclusion 
cluster. 

The  initiation  sites  were  generally  within  the  middle  one-half  of  the  specimen  notch 
thickness  and  tne  cracks  tended  to  grow  as  semi-elliptical  surface  cracks.  Only  in  two 
specimens  did  cracks  initiate  near  the  corner  of  the  specimen  notch  and  propagate  as 
quarter-ellipticai  corner  cracks. 

Tn  order  to  compare  the  growth  behaviour  of  short  cracks  with  those  of  long  cracks, 
crack  growth  rate  (da/dN)  versus  stress  intensity  factor  range  (AK)  curves  for  six 
different  loading  conditions  were  drawn  (Figures  5-10) .  Crack  growth  rates  and  stress 
intensity  factors  used  in  these  curves  were  calculated  as  defined  in  Reference  18. 

The  solid  lines  drawn  in  these  graphs  are  for  Long  Crack  Growth  Data  of  the  same 
material  and  under  the  same  loading  conditions  used  in  this  Cooperative  Programme.  These 
data  were  determined  bv  Phillips  (191  from  NASA  Langley  Research  Center. 

To  compare  the  short  and  long  crack  growth  rate  data  the  rate  da/dN  is  assumed  to  be 
equivalent  to  dc/dN  for  the  same  AK  value.  The  short  cracks  are  growing  in  the  a-direction 
while  the  long  cracks  are  growing  in  the  c-direction. 
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AK  (MfWST) 


Figure  7.  Crack  Growth  Rate  versus  Stress  Intensity  Factor  Range  curve 
for  R  =  0  Sjtax  =  120  MPa 


Figure  8.  Crack  Growth  Rate  versus  Stress  Intensity  Factor  Range  curve 
for  R  =  0  S _  =  140  MPa 


Figure  9.  Crack  Growth  Rate  versus  Stress  Intensity  Factor  Range  curve 
for  R  =  -1  Smax  =  80  MPa 


Figure  10.  Crack  Growth  Rate  versus  Stress  Intensity  Factor  Range  curve 
for  R  =  -1  Sma!.  =  95  MPa 
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The  results  for  R  =  0.5  loadings  are  shown  in  Figures  S  and  6.  No  stress  level 
(smax*  effect  on  the  growth  rate  was  observed  for  this  loading.  At  both  of  the  stress 
levels  short  cracks  grew  at  substantially  slower  rates  than  those  measured  for  long 
cracks  for  A K  values  greater  than  the  long  crack  threshold.  Only  a  few  data  were  above 
the  solid  line  of  the  long  crack  growth  data. 

The  R  =  0  results,  shown  in  Figures  7  and  8,  indicated  an  influence  of  stress  level 
both  on  the  number  of  cracks  initiated  and  their  growth  rate.  Increasing  the  Smax 
increases  both  the  number  of  cracks  and  their  growth  rate.  If  the  long  crack  data  are 
extrapolated,  the  growth  rates  of  short  cracks  at  lower  stress  level  (Figure  7)  are 
similar  to  those  of  long  cracks,  while  at  the  higher  stress  level  (Figure  8)  short  cracks 
seem  to  grow  faster  than  the  long  cracks . 

Under  R  =  -1  loading,  short  and  long  cracks  have  similar  growth  behaviour  at  the  low 
stress  level  (Figure  9) ,  but  at  the  high  stress  level  (Figure  10)  almost  all  short  crack 
data  are  above  the  solid  line,  showing  the  faster  crack  growth  rate  of  short  cracks  as 
compared  to  long  cracks.  Also  a  higher  stress  level  increased  the  number  of  short  cracks 
initiated. 
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SUMMARY 

This  paper  describes  the  Italian  contribution  to  the  AGARD  supplementary  test 
programme  on  the  growth  of  short  fatigue  cracks. 

Constant  amplitude  loading  fatigue  tests  (zero-to-tenslon  and  fully  reversed  loading) 
were  carried  out  on  annealed  T1-6A1-AV  titanium  alloy,  to  establish  the  behaviour  of 
short  and  long  cracks  in  this  material. 

The  results  Indicate  that  short  cracks  grow  faster  than  long  cracks  at  the  same 
stress  intensity  factor  range  and  they  can  also  grow  below  the  long  crack  threshold 
stress  intensity  factor  range. 

1.  INTRODUCTION 

Several  investigators  observed  that  the  growth  of  short  fatigue  cracks  differs  from 
that  of  long  cracks  in  the  same  material.  On  the  basis  of  Linear  Elastic  Fracture 
Mechanics,  short  cracks  -  cracks  ranging  in  length  from  10  pm  to  1  mm  -  grow  faster  than 
would  be  predicted  from  long-crack  data  at  the  same  stress  intensity  factor  range,  AK, 
and  they  can  also  grow  below  the  long  crack  threshold  AK  values. 

AGARD  promoted  international  cooperation  on  the  growth  of  "short"  fatigue  cracks  to 
define  the  significance  of  the  "short  crack  effect"  and  to  compare  test  results  produced 
by  different  laboratories.  Cooperation  started  in  1984  and  is  now  completed  111.  The 
"core  programme"  was  carried  out  on  single-edge  notched  tensile  specimens  made  of 
202A-T3  aluminum  alloy  sheet  material;  specimens  were  machined  by  the  United  States  Air 
Force  Wright  Aeronautical  Laboratory.  Tests  were  conducted  under  several  constant 
amplitude  and  spectrum  loading  conditions  at  three  stress  levels  each.  Twelve 
laboratories,  Included  the  Department  of  Aerospace  Engineering  at  the  University  of 
Pisa,  conducted  fatigue  tests.  Growth  of  short  cracks  at  the  notch  surface  was 
recorded  by  plastic  replicas;  this  method  is  very  simple  to  apply  but  is  very  time 
consuming. 

The  results  of  the  participants  are  in  good  agreement  with  one  another'  and  they 
show  several  characteristics  of  short  crack  behaviour.  All  results  are  described  in  111. 

The  cooperation  was  continued  and  each  participant  performed  a  supplementary 
programme  on  short  cracks;  in  this  programme  the  choice  of  the  material,  the  machining 
of  the  specimens  and  the  type  of  fatigue  loads  were  selected  by  the  participants, 
depending  on  their  specific  Interests. 

This  report  describes  the  Italian  contribution  to  the  supplementary  programme  on 
short-crack  growth  behaviour.  The  work  involves  T1-6A1-9V  titanium  alloy  in  annealed 
condition  under  constant  amplitude  loading  at  R=Smin/Smax=0  and  R=-l. 

2.  EXPERIMENTAL  PROCEDURE 


The  experimental  procedure  for  the  supplementary  programme  is  similar  to  that 
specified  for  the  core  programme  111 ,  so  only  specific  details  will  be  given  below. 

2.1  Material 


Annealed  Ti-6Al-1IV  sheet  1.5  mm.  thick  was  the  material  selected  for  the  research;  it 
was  supplied  by  Aerltalia  GVC.  The  results  of  static  tests  carried  out  on  this  materia,, 
show  an  ultimate  tensile  stress  of  970  MPa,  a  yield  stress  of  920  MPa  and  elongation  of 


8.5*. 

Optical 
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microscope  observations  show  that  the  grain  size  In  the  rolling  direction  is 


a, vug  vuc  uvvvi> 


is  about  5  ?*m. 


2.2  Specimens 


All  short-crack  growth  tests  were  carried  out  using  the  same  single-edge  notch 
specimen  previously  used  in  the  core  programme.  Specimens  (  305  mm.  long,  50  mm.  wide  ) 
were  cut  so  that  the  loading  direction  was  parallel  to  the  rolling  direction  of  the 
material. 
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Notches  were  very  carefully  milled.  Several  problems  were  encountered  in  the 
mechanical  polishing  if  the  notches:  particularly,  scratches  were  produced  by  using 
diamond  caste.  Good  results  were  obtained  by  very  small  grain  emery  paper  ( 4000)  and 
alumina  (0.25  f*m).  A  drilling  machine  was  used  to  polish  the  specimens  by  a  felt  bonded 
on  a  metallic  wire.  Now  and  then  specimens  were  tilted  in  order  to  round  the  sharpened 
edges.  This  operation  proved  to  be  efficient;  only  in  certain  specimens  did  the  eracK 
begin  in  a  corner.  The  mechanical  polishing  proved  to  be  quite  complex  and  time 
consuming,  about  30  minutes  for  each  specimen;  moreover,  unless  these  operations  are 
very  carefully  done,  residual  stresses  may  be  present. 

Conventional  central  crack  specimens,  200  mm.  wide,  L-T  orientation,  were  used  for 
long-crack  growth  tests. 

2.3  Test  equipment 

Tests  were  carried  out  by  means  of  a  servocontrolled  electro-hydraulic  machine  of  the 
capacity  of  200  KN. 

Grip  augment  was  checked  by  a  strain  gauged  dummy  specimen,  as  described  in  111, 
Annex  C. 

2.4  Loading  conditions 

Constant  amplitude  loading  tests,  R=0  and  R=-l,  were  carried  out;  the  test  frequency 
was  between  6  and  12  Hz.  Antibuckling  guides  were  used  for  the  negative  R  value. 

2.5  Short  crack  measurements 

Cracks  were  observed  by  means  of  a  400x  travelling  optical  microscope  and  plastic 
replicas . 

Low-quality  replicas  were  obtained  by  using  the  same  replica  material  used  in  the 
core  programme;  in  particular  small  cracks  observed  by  the  microscope  were  not  present 
in  replicas.  The  problem  was  solved  by  using  a  replica  -  kit  produced  by  Struers; 
these  replicas  also  have  a  pre-bonded  adhesive  surface  so  that  their  manipulation  and 
catalogatlon  are  very  easy. 

Measurements  were  recorded  on  data  charts,  as  shown  in  Figures  12  and  14  of  111. 
Crack  growth  rates  and  stress  intensity  factors  were  evaluated  according  to  Section  3.5 
and  Annex  F  in  II/.  The  non-interaction  criteria  between  multiple  cracks.  Section  4.2  lr. 
Ill,  were  applied  to  the  data. 

A  system  for  electronic  image  treatment  was  analyzed  as  a  possible  alternative 
technique  to  the  plastic  replica  method;  it  consists  of  a  digital  television  camera 
connected  with  the  microscope.  Images  are  stored  in  a  Personal  Computer  and  can  be 
analyzed.  The  results  were  encouraging  but  to  obtain  a  good  resolution  high 
magnifications  were  necessary  and  so  several  images  were  required  to  cover  the  thickness 
of  the  specimen.  Due  to  this  complication  the  automation  or  the  tests  is  very  difficult, 
and  the  system  was  temporarily  given  up. 

3.  RESULTS 

3.1  Fatigue  results 

Several  specimens  were  fatigue  tested  to  complete  failure,  to  establish  S-N  curves, 
while  crack  propagaticn  was  monitored  only  in  a  small  group  of  specimens. 

Fretting  failures  under  grips  happened  in  some  specimens  tested  at  low  stress 
level,  in  spite  of  ti.e  high  stress  concentration  factor  for  this  type  of  specimen.  The 
problem  was  solved  by  Inserting  an  adhesive  aluminum  strip  between  the  grips  and  the 
specimen. 

Results  are  graphically  shown  in  Figure  1  and  are  characterized  by  a  high  scatter. 
The  S-N  curve  is  well  established  for  R=-l,  while  the  drawing  of  the  S-N  curve  for  R-0 
is  very  uncertain,  due  to  several  anomalous  results. 

The  following  stress  levels  were  selected  for  short  crack  monitoring: 

R  Smax-|(MPa)  Smax^iMPa)  Smax3(MPa) 

0  380  390  405 

-1  210  225  245 

Stress  levels  are  quite  close  together  but  this  choice  was  made  necessary  by  the 
scatter  in  fatigue  results. 

Figures  2  and  3  show  the  fatigue  results  of  tests  in  which  short-crack  monitoring 
war.  performed.  Different  symbols  refer  to  crack  initiation  (  crack  length  greater  than 
0.01  mm  )  ana  final  failure.  Results  indicate  that  cracks  initiate  early  under  higher 
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stress  levels  and  crack  propagation  covers  60*70?  of  fatigue  life. 

3.2  Long  crack  results 

Centre  cracked  specimens,  200  mm.  wide,  were  used  to  obtain  long-crack  data  by  the 
load  shedding  technique.  Load  shedding  was  performed  by  manually  decreasing  the  load  by 
10  ?  after  a  crack  growth  of  0.5  mm.  Tests  were  stopped  when  the  near  threshold 

condition  was  reached;  then  the  load  was  increased  to  obtain  crack  growth  data  under  AK 
increasing  condition.  The  results  are  shown  in  Figure  6. 

A  6?  load  shedding  test,  R=0,  was  carried  out  to  analyze  the  effect  of  this  parameter 
on  crack  growth.  The  results,  Figure  5,  are  wholly  comparable,  confirming  that  the 
threshold  values  are  AK=10  and  6.1  MPaVm-  for  R-l  and  R=0,  respectively. 

The  absence  of  significant  differences  between  the  6?  and  10?  load-shedding 
procedures  can  probably  be  explained  as  a  consequence  of  the  high-yield  stress  of  this 
material,  so  that  the  plastic  zone  is  small. 

3.2  Short-crack  results 

Plastic  replicas  were  observed  through  a  600x  optical  microscope;  typical  crack  length 
at  crack  initiation  was  0.01  mm.  and  only  in  some  cases  were  shorter  cracks  sighted. 

Results  relative  to  each  stress  level  and  R  value  are  shown  in  Figures  6  to  11,  in 
the  form  of  da/dN  versus  AK  diagrams.  In  all  diagrams  AK  is  the  total  range  of  the 
stress  intensity  factor. 

Scatter  in  the  results  is  high,  but  it  is  of  the  same  order  as  that  of  the  aluminum 
alloy  in  the  core  programme.  All  data  relative  to  the  same  R  value  are  shown  in  Figures 
12  and  13,  together  with  log-log  best-fit  lines.  A  log-log  best-fit  line  does  not  seem 
adequate  to  represent  the  data,  so  other  best-fit  curves  were  tried.  An  exponential 
best-fit  curve  seems  to  be  the  most  adequate,  as  shown  in  Figures  14  and  15.  In  this 
form  of  presentation,  the  results  are  virtually  independent  of  maximum  stress  levels. 
Generally,  crack  growth  at  the  same  AK  is  a  little  higher  under  higher  maximum  stress 
levels.  The  results  are  also  independent  of  R  values  at  low  values  of  AK,  as  can  be 
observed,  Figure  16,  by  superimposing  Figures  16  and  15. 

3-3  Comparison  between  long  and  short  cracks 

The  comparison  between  long-crack  data  and  short  crack  best-fit  curves  relevant  to 
all  of  the  results  at  the  same  R  value  is  shown  in  Figure  17  for  R  =  -1  and  in  Figure 
18  for  R  -  0. 

The  short-crack  effect  is  evident  for  R=-l  at  low  values  of  aK  while  long  and  short 
cracks  behave  in  tiie  same  way  when  AK  is  greater  than  about  20  MPaVIiT. 

The  situation  is  more  complex  at  R=0.  Short  and  long  cracks  do  not  show  comparable 
behaviour  at  high  values  of  AK.  The  explanation  is  in  the  fact  that  residual  compressive 
stresses  are  present  in  short  crack  tests.  Indeed,  the  maximum  stress  at  the  notch  root 
in  the  short  crack  tests  at  R=0  is  greater  than  the  yield  stress  of  the  material,  so 
compressive  residual  stresses  are  present.  The  consequence  is  that  the  effective  value 
of  R  in  these  tests  is  less  than  zero  and  so  a  correct  comparison  is  not  possible.  In 
any  case  the  long-crack  curve  for  the  effective  R  value  is  on  the  right  of  fi=0  curve,  so 
a  short  crack  effect  seems  present  in  this  case  too. 

Residual  stresses  at  the  notch  root  in  R=0  tests  can  also  explain  the  similar  short- 
crack  behaviour  of  R=0  and  R=-l  tests  at  low  values  of  aK. 

6.  CONCLUSIONS 

The  material  selected,  annealed  T1-6A1-6V,  showed  some  negative  characteristics  for 
this  type  of  research;  particularly,  high  scatter  in  fatigue  results  caused  trouble  in 
the  selection  of  stress  levels  for  short-crack  tests.  The  small  size  of  the  grains  does 
not  allow  us  to  study  certain  aspects  of  short-crack  behaviour  as  the  smaller  cracks 
observed  were  about  as  large  as  two  grains.  Some  problems  were  also  encountered  in 

specimen  preparation  and  in  the  observation  of  short  cracks  by  means  of  plastic 

replicas. 

Comparison  between  short  and  long  cracks  shows  a  clear  "short  crack  effect"  at  R=-l 
while  residual  compressive  stresses,  due  to  notch  yielding,  were  inevitably  present  in 
snort — crac z  Loses  se  n— v,  so  wie  resuevs  a.  e  no,  a i. . i y  comparable  with  the  relevant 

long-crack  data,  but  a  short  crack  effect  seems  present  in  this  case  too. 
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Fig.  6  -  Short  crack  growth  rate. 
R=0,  Smax=380  MPa. 
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Fig.  8  -  Short  crack  growth  rate. 
R=0 ,  Smax=405  MPa. 
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Fig.  10  -  Short  crkck  growth  rate. 
R=-1 ,  Smax=225  MPa. 
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Fig.  7  -  Short  crack  growth  rate. 
R=0 ,  Sma\=390  MPa. 
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Fig.  9  -  Short  crack  growth  rate. 
Rs-1 ,  Smax=210  MPa. 
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Fig.  11  -  Short  crack  growth  rate. 
R=-1,  Sniax-245  MPa. 
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Fig.  12  -  Short  crack  growth  rate  and 
log-log  oest-fit  curves.  R=0. 


Fig.  14  -  Short  crack  growth  rate  and 
exp.  hest-fit  curves.  R=Q. 


Fig.  13  -  Short  crack  growth  rate  and 
log-log  best-fit  curves.  R=-i. 
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Fig.  15  -  Short  crack  growth  rate  and 
exp.  best-fit  curves.  R=-l. 
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Fig.  16  -  Comparison  between  short 
crack  growth  rates. 
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.  17  -  Comparison  Detween  long  ana 
short  cracks.  R=-l. 


Fig,  16  -  Comparison  between  long  and 
short  cracks. R=0. 
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ANNEX 

TEXTURE  ANALYSIS  OF  2090-T8E41  ALUMINUM-LITHIUM  ALLOY  SHEET 
A.  W.  Bowen 

Materials  and  Structures  Department 
Royal  Aerospace  Establishment 
Farnborough,  England 


This  annex  describes  the  texture  analysis  that  was  made  on  the  2090-T8E41  aluminum-lithium  alloy  sheet  used  in  the 
AGARD  Supplemental  Test  Programme.  The  information  obtained  in  this  analysis  was  supplied  to  all  participants  who 
tested  the  aluminum-lithium  alloy. 


EXPERIMENTAL 

Four  samples  of  2.15  mm-thick  2090  aluminum-lithium  sheet  were  studied  in  the  as-received  condition.  Incomplete  (max 
85°  tilt)  111,  200,  220  and  311  pole  figures  were  measured  on  an  automated  Siemens  texture  goniometer,  using  Cu  Ka 
radiation,  in  t*-  Materials  and  Structures  Department  of  the  Royal  Aerospace  Establishment.  The  data  were  then  processed 
to  produce  ilfite  orientation  distribution  functions  (ODF)  by  the  senes  expansion  method  using  the  Bunge  notation  [1). 
The  as-rr  urface  was  initially  examined,  after  which  material  was  progressively  removed  by  polishing,  with  periodic 
texture  analysis,  until  the  mid-thickness  was  reached. 

One  sample,  B1706,  was  examined  in  detail,  with  the  remaining  samples  being  measured  only  at  3/4  t  and  1/2  t  (where 
t  =  sheet  thickness). 


RESULTS 

The  (111)  pole  figures  for  sample  B1706  are  shown  in  Figures  1(a)  to  1(e)  for  the  surface  (1  =  2.15  mm),  and  at  t  =  2.0, 
1.6  (3/4  t),  1.45,  and  1.09  (1/2  t)  mm.  Note  that  in  this  figure,  and  in  Figure  2,  the  contours  are  at  intervals  of  •  1,  5,  10,  15 
etc.  times  the  intensity  of  that  of  a  randomly-oriented  specimen.  The  most  informative  section  through  the  ODF  (at  phi2  = 
45  ,  where  phil,  phi2,  and  PHI  are  the  Euler  angles  [1))  tor  these  conditions  are  shown  in  Figures  2(a)  to  2(e).  These  figures 
indicate  that  the  sheet  has  a  very  strongly  developed  texture  that  changes  its  type  from  the  surface  to  the  mid-plane.  These 
textures  are  deformation  textures  and  indicate  that  the  sheet  is  m  the  unrccrystallised  form.  Orientation  A  ({112}[111],  often 
called  the  copper-type  texture)  decreases  in  intensity  from  surface  to  mid-thicKiiess,  whereas  orientation  B  ({110}[112],  often 
called  the  brass-type  texture)  increases  m  intensity  (see  Figures  2(a)  for  the  locations  of  orientations  A  and  B,  and  similarly 
in  Figures  2(b)  to  2(e)).  These  data  are  plotted,  as  the  orientation  density  along  the  fibre  texture  from  A,  through  the  S 
orientation  ({123}  <634>),  to  orientation  B  in  Figure  3,  showing  decreases  in  the  intensities  of  orientations  A  and  S  and  an 
increase  in  that  of  orientation  B.  No  evidence  of  any  recrystaliisatior.  is  indicated  in  these  figures,  which  would  be  located  at 
C  (for  the  cube  texture  {001}  <  100>)  and  at  G  (for  the  Goss  texture  {110}  <  100 >).  The  results  are  very  similar  to  those 
reported  recently  for  2090  [2]  and  8090  sheet  [3],  and  confirm  tnat  texture  cannot  be  ignored  when  evaluating  mechanical 
property  anisotropy  in  Al-Li  based  alloys.  This  is  further  complicated  by  the  marked  gradients  in  texture  that  exist  between 
surface  and  mid-thickness. 

Analysis  of  the  other  three  samples  are  shown  in  figves  4  and  5  for  the  3/4  t  condition,  and  in  Figures  6  and  7  for 
the  1/2  t  condition.  Comparison  of  Figures  1(c)  with  1(e),  and  2(c)  with  2(e),  show  that  the  texture  is  consistent  in  type 
although  variable  in  intensity.  This  is  also  shown  by  the  texture  sharpness  index  listed  in  Table  1. 


TABLE  1 

Texture  Sharpness  Index  (J)  [lj  for  2.15  mm-thick  2090  Sheet 


Sample 

t  =  2.15 

2.0 

1.6 

1.45 

1 

B1706 

7.8 

7.1 

7.3 

89 

{f.y) 

B1623 

- 

- 

5.6 

- 

12.7 

B1425 

- 

- 

7.2 

- 

10.6 

B1403 

- 

- 

7.5 

■ 

12.7 
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Figure  2.-  Phi2  »  45t>  sections  through  the  ODF  for  sample  81706  as  a  function 

of  thictness,  t.  [ft,  B,  C  and  G  are  the  positions  of  the  orientations 
referred  to  in  the  text.) 
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Figure  5.-  PM2  «  45°  sections  through  the  ODF  for  various  samples  at  3/4  t. 


(b)  Sample  B1425.  (c)  Sample  B1403. 


Figure  6.-  (Ill)  Pole  figures  for  various  smaples  at  1/2  t. 


Figure  7.-  Phi2  -  45°  sections  through  the  ODF  for  various  samples  at  1/2  t. 
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AGARD  Report  R-732  reviews  the  results  of  the  first  phase  of  tin  AGARD  Cooperative  Test 
Programme  on  the  behaviour  and  growth  of  “short”  fatigue  cracks^That  report  describes;  the 
establishment  of  a  common  test  method,  means  of  data  collcction/analysis  and  crack  growth 
modelling  in  an  aircraft  alloy  A  A  2024-T3.  The  second  and  concluding  phase  of  this  Programme 
allowed  participants  to  test  various  materials  and  loading  conditions.  The  results  of  this  second 
phase  arc  described  in  this  report. 

All  materials  exhibited  a  "short-crack"  effect  to  some  extern..  The  effect  was  much  less  evident  in 
4340  steel  than  in  the  other  materials.  For  the  aluminium,  aluminium-lithium  and  titanium  alloys, 
short  cracks  grew  at  stress-intensity  factor  ranges  lower,  in  some  cases  much  lower,  than  the 
thresholds  obtained  from  long  crack  tests.  Several  laboratories  used  the  same  crack  growth  model 
to  analyze  the  growth  of  short  cracks.  Reasonable  agreement  was  found  between  measured  and 
predicted  short-crack  growth  rates  and  fatigue  lives.  'Ciu  >  \ / 
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